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Abstract 

Although  current  technology  is  capable  of  producing  highly  efficient  solar  cells, 
these  devices  remain  commercially  cost-prohibitive.  An  alternative  low-cost  approach 
was  investigated  in  this  research  by  developing  a  hybrid  multi-junction  silicon  (HMJ-Si) 
solar  cell  architecture  through  modeling,  fabrication,  and  testing.  The  HMJ-Si 
architecture,  which  consists  of  stacked  silicon  solar  cells  with  a  385pm  air  gap  between 
them,  was  designed  with  front  and  rear  metal  grating  contacts  that  exploit  interference 
patterns  for  enhanced  light  management.  The  interference  patterns  were  examined  in 
MATLAB®  using  the  Rayleigh-Sommerfeld  diffraction  formula  for  3 1  distinct 
wavelengths  and  1 1  plane  wave  tilts  and  verified  using  Lumerical®  FDTD  Solutions  3D 
simulation  software.  Additional  development  focused  on  wafer  configuration;  diffusion 
profile;  front  contact  design;  optical,  electrical,  and  thermal  loss  reduction;  and  HMJ-Si 
efficiency.  Results  identified  the  architecture  was  optimized  with  an  unpolished-front,  p- 
type  top  cell  having  128nm  of  Si3N4  (anti-reflection  coating)  and  butterfly  front  contact 
pattern;  400pm- wide  rear  grating  contacts  spaced  900pm  apart;  a  polished-front,  n-type 
bottom  cell  with  200pm- wide  grating  contacts  spaced  1100pm  apart;  and  each  cell 
having  an  enhanced  back  surface  field  diffusion  profile  with  rapidly  thermal  annealed 
500nm  silver  contacts.  Overall  efficiency  reached  5.35%  in  a  top  cell/bottom  cell 
configuration  and  peaked  at  8.42%  with  an  undoped,  silver-coated  wafer  in  lieu  of  the 
bottom  cell.  The  results  show  the  HMJ-Si  architecture  is  a  possible  alternative  solar  cell 
design  but  requires  additional  research  for  optimization  and  application. 
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DEVELOPMENT  OF  A  NOVEL  HYBRID  MULTI- JUNCTION 
ARCHITECTURE  FOR  SILICON  SOLAR  CELLS 

1.  Introduction 

Chapter  Overview 

The  purpose  of  this  ehapter  is  to  provide  an  overview  of  photovoltaie  teehnology 
by  covering  its  history,  importance,  and  limitations.  The  research  objective  is  discussed 
and  is  followed  by  the  justification,  scope,  and  methodology  of  experimentation. 

1.1.  Photovoltaic  Technology 

In  1839,  Alexandre  Becquerel  discovered  the  photoelectric  effect  by  observing 
that  a  battery’s  current  changed  when  exposed  to  light  [1].  The  photoelectric  effect  (the 
basic  process  of  turning  sunlight  into  electricity)  wasn’t  fully  understood  until  1905  when 
Albert  Einstein  explained  its  physics  [2].  Almost  50  years  later.  Bell  Labs  invented  the 
first  silicon  solar  cell  by  using  p-n  junction  technology  to  remove  electrons  that  are  freed 
during  the  photoelectric  effect  [3].  The  combination  of  these  processes — the  photovoltaic 
effect — is  the  basic  mechanism  for  modern  solar  cells.  Initial  cells  had  an  efficiency  of 
6%  but  quickly  improved  to  10%  by  1958  when  they  were  incorporated  into  the  world’s 
first  solar  powered  satellite.  Vanguard  1  [4].  Since  then,  silicon  solar  cell  technology  has 
continued  to  evolve,  reaching  efficiencies  above  25%  [5].  In  addition  to  satellites, 
deployed  troops  can  benefit  from  solar  power  since  it  offers  the  option  of  remote  power 
units  with  charging  capabilities  for  radios  and  other  critical  electronic  equipment.  But 
solar  cells  are  more  than  an  enabling  technology  for  the  military;  they  provide  power  for 
electronics,  houses,  and  businesses.  The  need  for  a  practical  renewable  energy  source  will 
continue  to  escalate  as  diminishing  resources  and  growing  energy  requirements  further 
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strain  the  existing  power  supply  infrastructure.  Solar  power  is  an  excellent  choice  to  meet 
this  demand  since  it  is  free  of  emissions,  has  no  fuel  costs,  and  offers  decentralized  power 
distribution.  However,  it  is  not  without  limitations;  their  purchase  cost  is  high  because  the 
amount  of  power  delivered  by  a  solar  cell  depends  on  sunlight  availability  and  they  suffer 
from  low  energy  densities.  A  low  energy  density  means  that  a  larger  surface  area  is 
required  to  produce  an  adequate  amount  of  power.  Therefore,  in  order  for  solar  power  to 
shoulder  a  larger  portion  of  the  world’s  energy  demands,  solar  technology  needs  to  be 
improved  without  skyrocketing  fabrication  costs. 

1.2.  Research  Objective 

The  goal  of  this  research  is  to  develop  an  innovative  silicon  solar  cell  architecture 
that  improves  efficiency  without  requiring  expensive  fabrication  processes  or  materials. 

A  combination  of  photovoltaic,  semiconductor,  and  optical  properties  is  investigated 
through  modeling  and  experimentation  in  order  to  produce  a  functional  hybrid  multi¬ 
junction  silicon  (HMJ-Si)  solar  cell. 

1.3.  Justification 

There  has  been  no  documented  research  into  stacked  silicon  multi-junction  solar 
cells  for  light  trapping  and  optimization  to  date.  Developing  an  efficient  HMJ-Si 
architecture  will  benefit  a  wide  range  of  both  military  and  civilian  applications.  Higher 
efficiencies  equate  to  higher  energy  densities,  less  surface  area,  and  less  weight.  In 
addition,  production  costs  will  be  minimal  due  to  the  availability  of  silicon  and  simplicity 
of  fabrication.  The  result  will  be  a  low-cost  solar  energy  technology  suitable  for  global 
implementation. 
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1.4.  Scope 

The  field  of  photovoltaics  has  emerging  technology  from  thin- film  solar  cells  to 
multi-junction  architectures.  These  research  areas  are  aimed  at  improving  solar  cell 
efficiency  but  are  rarely  transitioned  to  real-world  applications  due  to  complex  designs 
and  expensive  fabrication.  The  following  work  is  focused  on  developing  a  novel 
architecture  using  only  low-cost  materials  and  standard  processes.  A  functional  cell  was 
developed  by  exploring  diode  orientation,  diffusion  profiles,  front  and  grating  contact 
geometries,  and  efficiency  losses.  Parameters  not  explored  in  this  research  include 
alternative  semiconductor  materials,  surface  patterning,  rear  contact  patterning,  and  light 
focusing  (concentrated  solar  cells). 

1.5.  Methodology 

Interference  patterns  are  the  primary  design  component  for  HMJ-Si  cells  and  were 
modeled  using  MATLAB®  to  determine  the  most  effective  grating  geometry.  The 
grating  was  then  confirmed  using  Lumerical®  Solutions,  a  finite-difference  time-domain 
(FDTD)  simulation  software.  In  order  to  transition  from  modeling  to  physical  testing,  a 
new  fabrication  process  was  developed.  This  modeling,  fabrication,  and  testing  approach 
was  used  to  investigate  the  best  results  for  each  parameter  which,  after  being  individually 
optimized,  were  integrated  into  a  complete  architecture  for  testing  and  analysis. 

Summary 

The  chapter  provided  a  general  overview  of  photovoltaic  technology  by  briefly 
covering  its  history,  importance,  and  limitations.  The  research  objective  was  discussed 
and  was  followed  by  the  justification,  scope,  and  methodology  of  experimentation. 
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II.  Background  and  Theory 


Chapter  Overview 

This  purpose  of  this  chapter  is  to  provide  an  overview  of  the  theory  and  principles 
of  photovoltaics.  Topics  discussed  include  solar  cell  parameters,  limitations,  fabrication, 
and  current  research.  Also  included  is  a  brief  background  on  light  wave  behavior  and 
how  it  serves  as  the  basis  of  the  HMJ-Si  concept. 

2.1.  The  Photovoltaic  Effect 

The  fundamental  process  in  solar  cell  technology — ^the  photovoltaic  effect — 
consists  of  two  basic  mechanisms:  the  interaction  between  photons  and  electrons  called 
the  photoelectric  effect  and  the  interface  between  two  doped  semiconductor  materials 
known  as  a  p-n  junction  [6]. 

2.1.1.  Energy  of  a  Photon 

The  photoelectric  effect  describes  how  electrons  react  to  light,  which  travels  in 
the  form  of  individual  photons.  The  amount  of  energy  in  a  photon  depends  on  its 
wavelength,  X,  described  by  the  Planck-Einstein  relation  [7]: 

77  he 

(1) 

Where: 

E  =  Photon  energy  in  electron- Volts  (eV) 

h  =  Planck’s  constant;  6.626  xlO'^"^  m2  kg/s 

c  =  Speed  of  light  in  a  vacuum;  2.99  xlO^  m/s 

The  amount  of  energy  contained  in  a  photon  is  important  because  it  can  enable  an 
electron  to  move  out  of  the  valence  band  of  an  atom  and  into  the  conduction  band  [8]. 


4 


2.1.2.  Energy  Bands 

The  energy  bands  around  an  atom  are  discrete  locations  where  electrons  orbit  the 
nucleus  with  the  valence  band  being  the  outermost  orbit  [9],  A  material  conducts 
electricity  when  its  valence  electrons  move  into  the  conduction  band  and  become 
conductor  electrons.  Conductor  electrons  are  free  to  move  throughout  a  material  because 
the  conduction  band  is  outside  the  pull  of  an  atom’s  nucleus.  In  order  for  an  electron  to 
become  a  conductor,  it  must  absorb  enough  energy  to  overcome  the  band  gap,  which  is 
the  energy  difference  between  the  valence  band  and  the  conduction  band  [8],  The  amount 
of  energy  required,  known  as  the  band  gap  energy,  Eg,  is  unique  to  each  material  and 
determines  whether  it  is  an  insulator,  conductor,  or  semiconductor  (Figure  1). 


(a)  (b)  (c) 


Figure  1.  Band  gap  representations  for  materials  which  are  (a)  insulators,  (b)  conductors, 
and  (c)  semiconductors. 

An  insulator  is  a  material  with  a  high  band  gap  energy  that  prevents  its  valence 
electrons  from  being  freed.  Metals  are  the  opposite  extreme  and  excellent  conductors 
because  their  valence  band  and  conduction  band  overlap  [10].  Materials  that  lie  in 
between,  with  a  band  gap  energy  less  than  3eV,  are  called  semiconductors.  Since 
semiconductors  have  such  a  small  band  gap,  their  valence  electrons  can  “jump”  into  the 
conduction  band  if  they  absorb  enough  energy  to  exceed  the  band  gap  energy. 
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For  instance,  silicon’s  band  gap  energy  is  1.1  leV,  which  means  that  electrons  are 
freed  for  conduction  if  they  absorb  photons  with  wavelengths  less  than  1 1 17nm.  This 
transfer  of  energy  between  photons  and  electrons  is  the  photoelectric  effect.  However, 
electrons  are  prone  to  falling  right  back  into  the  hole  they  left  behind  during  a  process 
called  recombination  [11].  This  phenomenon  prevents  electrons  from  being  free  long 
enough  to  become  conductors  and  can  be  avoided  by  incorporating  a  p-n  junction. 

2.1.3.  Semiconductor  Junctions 

A  p-n  junction  is  an  interface  between  two  differently  doped  semiconductor 
materials.  An  undoped  semiconductor  material,  like  silicon,  bonds  perfectly  with  other 
silicon  atoms  and  creates  a  crystal  lattice  structure  (Figure  2a).  This  structure  forms 
because  silicon  atoms  have  four  valence  electrons  and  naturally  want  eight  [10].  Pure 
undoped  silicon  is  a  poor  conductor  because  there  are  no  vacancies,  or  holes,  for 
electrons  to  move  into.  This  restriction  to  electron  flow  is  removed  by  replacing  some  of 
the  lattice  atoms  with  other  atoms  through  a  process  called  doping  [12].  For  instance, 
when  a  silicon  atom  is  replaced  with  a  boron  atom,  there  is  an  extra  hole  because  boron 
has  only  three  valence  electrons  (Figure  2b).  This  material  is  known  as  p-type  because 
having  one  less  electron  makes  its  net  charge  is  positive. 


Figure  2.  Semiconductor  lattice  structures;  (a)  pure  silicon;  (b)  p-type  silicon  doped  with 
boron;  (c)  n-type  silicon  doped  with  phosphorous. 
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If  phosphorous  is  used  as  the  dopant  instead  of  boron,  the  lattice  has  an  extra 
electron  and  becomes  an  n-type  material  with  a  net  negative  charge  (Figure  2c).  When  n- 
type  silicon  comes  into  contact  with  p-type  silicon,  a  homojunction  is  formed. 
Homojunctions  are  a  particular  type  of  p-n  junction  created  by  using  the  same  material  on 
each  side  of  the  interface.  Heterojunctions  are  also  p-n  junctions,  but  result  from  the 
interface  between  different  materials  (e.g.  p-type  gallium  and  n-type  arsenic)  [13]. 

When  a  p-n  junction  is  formed,  extra  electrons  in  the  n-type  material  near  the 
junction  move  towards  the  extra  holes,  leaving  behind  positively  charged  ions  [8]. 
Similarly,  extra  holes  in  the  p-type  material  move  to  combine  with  the  electrons,  leaving 
behind  negatively  charged  ions.  These  electron-hole  pairs  keep  forming  until  the  area 
they  occupy  is  too  wide  for  any  additional  electrons  or  holes  to  move  across.  The  result  is 
an  area  of  semiconductor  material  without  any  extra  holes  or  electrons  called  the  depleted 
region  [8].  The  abandoned  ions  in  the  depleted  region  remain  fixed  and  form  an  electric 
field  which  pulls  electrons  away  from  their  holes  before  they  have  a  chance  at 
recombination  (Figure  3).  Once  an  external  circuit  is  connected,  the  electrons  are  able  to 
carry  an  electric  current  and  perform  work  until  they  recombine  in  the  p-type  material. 


< —  Electric  field  — > 


— 

+ 

-Extra  Holes  - 

+ 

+ 

-Extra  Electrons  - 

p-type  material  ~ 

Depleted 

+ 

+ 

n-type  material 

(e.g.  boron  doped  Si)  “ 

Region 

+ 

(e.g.  phosphorous 

+ 

doped  Si) 

Negative  ions  “ 

+ 

Positive  ions 

Figure  3.  Representation  of  a  depleted  region  and  electric  field  from  the  p-n  junction 
interface  between  n-type  and  p-type  materials. 
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2.1.4.  Solar  Cell  Operation 

Using  a  p-n  junction  to  separate  electrons  freed  by  the  photoelectric  effect  is  the 
photovoltaic  process  and  the  foundation  of  solar  cell  technology.  In  order  to  construct  a 
solar  cell,  an  extrinsically  doped  semiconductor  material  like  p-type  silicon  is  doped  with 
n-type  impurity  atoms  to  create  a  p-n  junction.  When  photons  are  absorbed  by  electrons 
in  the  depleted  region,  the  resulting  current  flows  through  an  external  circuit  connected  to 
the  cell  via  front  and  rear  metal  contacts  (Figure  4).  This  is  the  basic  process  of  solar  cell 
operation  and  helps  identify  the  parameters  that  affect  their  performance. 


Figure  4.  Cross  sectional  view  of  a  basic  silicon  solar  cell.  Incident  photons  enter  the 
silicon  and,  when  absorbed  in  the  depleted  region,  create  photocurrent  in  the  form  of 
freed  electrons.  The  electrons  are  collected  by  the  front  metal  contact,  perform  work  in  an 
external  circuit,  and  return  to  the  rear  of  the  solar  cell. 


2.2.  Solar  Cell  Parameters 

Solar  cells  are  similar  to  batteries  in  that  they  supply  power  in  the  form  of  voltage 
and  current.  The  built-in  voltage  across  an  unbiased  silicon  solar  cell  is  roughly  0.5  V, 
which  is  due  to  the  electric  potential  across  the  depleted  region  [10].  Since  the  depleted 
region  in  silicon  remains  unchanged  after  it  is  formed,  the  voltage  does  not  vary  with 
incident  light.  This  means  that  the  amount  of  power  a  solar  cell  provides  depends  largely 
on  the  photocurrent  it  produces,  which  is  the  amount  of  electrons  freed  from  the 
photovoltaic  process  [14]. 
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2.2.1.  Drift  Velocity 

The  amount  of  photocurrent  depends  on  the  availability  of  photons,  but  how 
easily  the  electrons  move  or  “drift”  through  a  material  depends  on  two  factors.  First,  as  a 
material’s  temperature  rises,  its  atoms  oscillate  from  the  heat.  These  oscillations  reduce 
drift  velocity  from  electrons  colliding  with  atomic  nuclei.  The  second  is  the  type  of 
dopant  used  in  silicon.  An  extra  electron  in  n-type  silicon  is  free  to  drift  through  a 
material  until  it  finds  a  hole;  an  extra  hole  in  p-type  silicon  only  moves  when  an  adjacent 
electron  moves  to  fill  it  in.  Another  adjacent  electron  must  move  to  fill  in  the  new  hole 
location  and  so  on,  making  hole  mobility  (450  cm^A^ s)  much  slower  than  electron 
mobility  (1400  cm^A^s)  [15]. 

2.2.2.  Power 

The  maximum  photocurrent  a  solar  cell  can  produce,  the  short-circuit  current  (4c), 
is  measured  using  standard  test  conditions  (STC)  of  IkW/m  incident  light  at  25°C  [16]. 
This  is  multiplied  by  the  maximum  voltage,  or  open-circuit  voltage  (Foe)  to  determine  the 
ideal  power  (P ideal)  a  solar  cell  is  capable  of  producing  [17]: 

P  ideal  “  Isc"  V oc  (2) 

2.2.3.  IV  Curve 

A  solar  cell  does  not  actually  provide  the  amount  of  power  shown  in  Equation  2 
because  external  loads  have  resistances  that  limit  power  output.  A  graph  that  shows  the 
actual  power  output  of  a  solar  cell  with  respect  to  varying  resistance  is  known  as  its 
characteristic  curve  or  IV  curve  (Figure  5)  [18].  For  example,  point  (a)  represents  a  load 
with  a  small  resistance  and  voltage,  which  results  in  a  large  amount  of  current  (near  frc). 
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Figure  5.  Example  of  a  eharaeteristie  IV  curve  of  a  solar  cell.  Points  (a)  and  (b)  represent 
equivalent  amounts  of  power  delivered  to  devices  with  small  and  large  resistances, 
respectively.  The  fill  factor  (FF)  is  the  ratio  of  max  power  to  ideal  power  and  measures 
the  “squareness”  of  the  IV  curve. 

As  the  resistance  increases,  the  point  shifts  along  the  curve  to  the  right,  altering 
the  available  power.  Point  (b)  represents  a  load  with  high  resistance  and  voltage  that 
results  in  a  small  amount  of  current.  Thus,  the  same  amount  of  power  can  be  delivered  to 
different  loads  depending  on  the  IV  curve  and  resistance  values.  The  point  at  which  a 
solar  cell  provides  its  maximum  power  (Pmax),  known  as  the  maximum  power  point,  Mpp. 
This  point  represents  the  largest  rectangular  area  under  the  IV  curve  and  has 
corresponding  current  and  voltage  values  of  Imp  and  Vmp.  The  maximum  amount  of  power 
is  considered  as  the  actual  power  a  solar  cell  can  deliver. 

2.2.4.  Fill  Factor 

The  maximum  power  of  a  solar  cell  is  also  important  because  it  identifies  the  fill 
factor  (FF),  which  is  the  ratio  of  a  solar  cell’s  maximum  power  to  its  ideal  power  [19]. 

Vmp 'Imp  Pmax 

FF^ - = -  (3) 

Voc  *  Isc  P ideal 
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The  fill  factor  can  be  thought  of  as  “derating”  the  power  output  at  Mpp,  it 
identifies  how  “square”  the  IV  curve  is.  Typical  FF  values  for  silicon  solar  cells  range 
from  0.75  to  0.85,  which  translates  to  a  15-25%  power  loss  [14].  The  power  a  solar  cell 
actually  produces,  Pmax,  is  the  main  component  in  determining  relative  efficiency,  which 
is  the  industry  standard  means  of  solar  cell  comparison. 

2.2.5.  Efficiency 

The  efficiency,  rj,  of  a  solar  cell  is  a  measure  of  how  much  irradiance  {fr)  is 
turned  into  electricity.  It  is  defined  as  the  ratio  of  derated  power  to  total  input  power  {Pi„) 
expressed  as  a  percentage  [20] : 


Pmax 

77  = - xl00% 


(4) 


For  example,  a  4cm^  solar  cell  that  generates  50mW  of  power  has  an  efficiency  of 
12.5%  based  on  the  STC  irradiance  of  IkW/m^  for  Pin  [16]: 

O.OSfV  .  5JV 


7  =  - 


-xl00%  =  - 


=  12.5% 


lOOOr/m"  O.W/cm^-4cm^ 

Even  with  an  ideal  fill  factor  of  1.0,  silicon  solar  cells  are  only  capable  producing 
a  limited  amount  of  power  due  to  recombination  and  particle  flux.  The  detailed  balance 
technique  was  developed  in  1961  to  determine  the  theoretical  limit  of  solar  cell 
efficiency;  calculated  to  be  30%  for  silicon  [21].  This  efficiency  ceiling,  commonly 
referred  to  as  the  Schockley-Queisser  (S-Q)  limit,  assumes  the  complete  absorption  of 
photons  with  Eg  >  1.1  leV.  Thus,  in  order  to  reach  that  limit,  maximum  photon  absorption 
is  required.  However,  there  are  additional  factors  that  must  be  taken  into  account  for  the 
efficiency  ceiling  to  be  realized. 
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2.3.  Solar  Cell  Limitations 

There  are  three  categories  of  processes  that  affect  the  amount  of  power  a  solar  cell 
delivers.  Optical  losses  result  from  the  behavior  of  light,  electrical  losses  are  due  to  the 
nature  of  electron  mobility,  and  thermal  losses  degrade  efficiency  via  excess  heat. 
Reducing  these  losses  is  a  critical  aspect  of  any  effective  solar  cell  design. 

2.3.1.  Optical  Losses 

Some  of  the  light  that  reaches  a  solar  cell  is  reflected  away  by  the  front  metal 
contacts.  The  contacts  are  necessary  to  transport  photocurrent  to  an  external  circuit  but 
consume  valuable  surface  area  on  the  front  of  the  solar  cell.  In  order  to  mitigate  this  type 
of  loss,  front  contact  designs  are  critical  for  optimized  absorption  [22].  However,  not  all 
of  the  light  that  reaches  exposed  silicon  is  absorbed;  30-35%  is  lost  due  to  the  reflection 
of  perpendicular  light  on  a  surface  given  by  [23,  24]: 

z  _  y 

Where: 

Rp  =  Percentage  of  reflection 

Hj  =  Refractive  index  of  material  1 
=  Refractive  index  of  material  2 

For  instance,  950nm  light  traveling  through  air  {n  =  1)  reaching  a  silicon  solar  cell 
{n  ~  3.6)  results  in  almost  32%  reflectance  [25]: 

( 1-3  hV 

R  =  -  xl00%«31.9% 

U  +  3.6j 

Previous  research  into  reducing  the  amount  of  reflected  light  resulted  in  the 
creation  of  anti-reflection  coatings  (ARCs).  An  ARC  is  a  thin  layer  of  material  deposited 
onto  the  front  of  a  solar  cell  that  is  engineered  to  absorb  more  photons.  It  does  this  by 
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reflecting  wavelengths  that  are  cancelled  out  by  the  incoming  light  due  to  destructive 
interference  (see  Section  2.6).  The  result  is,  in  effect,  zero-reflectance  at  the  desired 
wavelength,  2,  described  by  [14]: 


d 


A 


4n, 


(6) 


Where: 

d  =  Thickness  of  the  anti-reflective  coating 

=  Combined  refractive  index  of  air  and  silicon:  =  Vl-3.6  » 1.9 

This  means  that  more  photons  are  available  to  generate  photocurrent,  as  long  as 
they  strike  an  electron-hole  pair.  This  is  not  always  the  case;  photons  can  propagate 
through  silicon  without  ever  being  absorbed  during  a  process  called  transmission,  which 
is  the  other  type  of  optical  loss  that  solar  cells  experience  (Figure  6).  One  method  used  to 
reduce  transmissive  losses  is  a  second  depleted  region  at  the  rear  of  the  cell  created  by 
another  homojunction.  However,  this  back-side  homojunction  is  not  a  p-n  junction;  it  is 


Figure  6.  Solar  cell  optical  losses  showing  (a)  30-35%  loss  from  bare  silicon  reflection, 

(b)  reduced  reflection  losses  from  an  anti-reflective  coating  (ARC),  and  (c)  transmission 
losses  when  photons  are  reflected  out  of  the  solar  cell. 

formed  using  a  dopant  that  matches  the  extrinsic  doping  of  the  substrate.  The  result  is  a 
“heavy”  doped  region  typically  annotated  p"^  for  p-type  materials  and  n^  for  n-type 
materials  (Figure  7). 
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For  instance,  a  p-type  silicon  wafer  doped  with  phosphorous  for  the  primary 
depleted  region  and  boron  at  the  rear  creates  an  n-p-p^  diffusion  profile  known  as  a 
double  drift  region  diode  [26,  27,  28,  29],  A  secondary  depleted  region  is  formed  from 
the  difference  in  doping  concentrations  which  contribute  to  photocurrent  by  absorbing 
transmitted  photons.  Adding  this  heavy-doped  homojunction  at  the  rear  of  the  cell  not 
only  cuts  down  on  transmission  loss,  it  reduces  electrical  loss  as  well. 


Incident 


Freed 
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Incident 

photon 
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electron 


Redirected 
electron 
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p  Intrinsic  silicon 
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(b) 


Figure  7.  A  cross-sectional  diagram  showing  (a)  rear- surface  recombination  losses  in 
standard  n-p  solar  cells  and  (b)  how  a  back- surface  field  (BSF)  reduces  recombination  by 
using  a  p-p^  interface  to  redirect  electrons  toward  the  primary  depleted  region. 


2.3.2.  Electrical  Losses 

In  solar  cells,  the  secondary  depleted  region  is  known  as  a  back  surface  field 
(BSF).  The  electric  field  created  by  the  BSF  increases  efficiency  by  redirecting  electrons 
toward  the  primary  depleted  region  and  reducing  recombination  at  the  rear  contact 
(Figure  7).  Without  a  BSF,  electrons  freed  from  photon  absorption  are  prone  to 
recombination  since  they  are  located  outside  of  the  primary  depleted  region  [14]. 

The  BSF  also  limits  dark  current,  which  is  a  small  amount  of  current  present  in  a 
solar  cell  when  there  is  no  incident  radiation.  Reducing  this  current  leakage  helps 
increase  the  open-circuit  voltage  by  dividing  the  overall  voltage  drop  between  the  BSF 
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and  the  p-n  junction  [30],  Although  the  voltage  drop  is  decreased,  the  electric  field  across 
the  cell  remains  unchanged  and  recombination  is  reduced.  However,  a  BSF  alone  does 
not  completely  eliminate  electrical  losses;  the  freed  electrons  still  need  to  exit  the  solar 
cell  in  order  to  perform  work.  Transitioning  from  silicon  to  metal  means  that  electrons 
must  overcome  the  microscopic  gaps  from  mismatched  material  surfaces  at  their 
interface.  These  imperfections  reduce  efficiency  by  slowing  electron  drift  unless  an 
ohmic  contact  is  created.  An  ohmic  contact  is  a  metal-semiconductor  junction  with  low 
resistance  that  depends  on  the  work  functions  of  each  material.  For  p-type 
semiconductors  the  work  function  must  be  lower  than  that  of  the  metal,  and  vice-versa 
for  n-type  semiconductors.  The  ohmic  contacts  in  either  case  are  usually  created  through 
a  process  of  quick  heating  and  cooling  called  rapid  thermal  annealing  (RTA)  [13,  31]. 
Ohmic  contacts  significantly  increase  electron  drift  by  lowering  the  resistance 
encountered  by  photocurrent  as  it  exits  the  cell.  However,  the  resistance  from  increased 
heat  must  also  be  mitigated  for  maximum  solar  cell  efficiency. 

2.3.3.  Thermal  Losses 

Heat  is  transferred  in  three  ways:  radiation,  convection,  and  conduction.  Thermal 
radiation  is  the  emission  of  electromagnetic  energy  from  an  object  at  a  given  temperature 
[32].  The  amount  of  heat  transferred,  q,  is  described  by: 

q  =  (TAJ^  (7) 

Where: 

a  =  Stefan-Boltzmann  constant 

As  =  Surface  area 

T=  Temperature 
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Convection  is  the  transfer  of  heat  between  a  surface  and  a  moving  fluid  (which 
can  be  a  liquid  or  a  gas).  There  are  two  types  of  convection:  forced  and  natural.  Forced 
convection  occurs  when  the  fluid  movement  is  induced  by  an  external  pump  or  fan 
whereas  natural  convection  is  a  result  of  the  buoyancy  created  from  a  thermal  differential 
[33].  The  amount  of  heat  transferred  in  either  case  depends  on  both  the  amount  of  surface 
area  and  convective  heat  transfer  coefficient  of  the  material  explained  by  Newton’s  law 
of  cooling: 

q  =  h^A^AT  (8) 

Where: 

he  =  Heat  transfer  coefficient 

As  =  Surface  area 

AT=  Difference  in  temperature  between  material  and  surrounding  fluid 

Conduction  results  from  two  materials  with  different  internal  temperatures 
coming  into  contact  with  one  another.  Energy  is  transferred  between  them  from  a 
combination  of  electron  diffusion  and  kinetic  energy  caused  by  vibrating  molecules  [34, 
35].  The  total  rate  of  thermal  conductivity  depends  on  the  material  since  metals  have  high 
electron  diffusion  and  non-metals  primarily  transfer  heat  through  structural  vibration.  In 
general,  the  total  amount  of  conductive  heat  transfer  across  a  distance,  D,  is  explained  by 
Fourier’s  simplified  law  of  conduction: 


kA^AT 

D 


Where: 

k  =  Thermal  conductivity  of  the  material 
Ac  =  Cross-sectional  area 

AT=  Difference  in  temperature  across  the  material 


(9) 
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Reducing  the  heat  in  a  solar  cell  is  important  since  higher  temperatures  reduce 
efficiency;  every  1°C  rise  causes  power  output  to  degrade  by  0.4  to  0.5%  [14].  Although 
sunlight  imposes  heat  in  the  form  of  infrared  radiation,  cells  also  generate  heat  internally 
as  they  experience  the  photovoltaic  effect.  The  amount  of  internal  heat  is  a  function  of 
three  mechanisms:  photocurrent,  low-energy  photons,  and  high-energy  photons  [36].  As 
any  current  (I)  moves  through  a  semiconductor  material,  it  encounters  resistance  (R)  in 
the  form  of  structural  molecules  as  well  as  the  p-n  junction.  This  resistance  generates 
heat,  which  is  modeled  as  power  loss  or  joule  heating  given  by: 

q  =  l^R  (10) 

Another  source  of  heat  generation  in  solar  cells  is  due  to  low-energy  photons. 
These  photons  have  energy  levels  lower  than  the  band  gap  of  the  semiconductor  material 
and  therefore  aren’t  absorbed.  However,  they  still  interact  with  molecules  and  create  heat 
via  phonon  or  atomic  lattice  vibrations.  The  last  source  of  heat  is  from  photons  that  have 
energy  much  higher  than  the  material’s  band  gap.  These  photons  excite  electrons  into  the 
conduction  band,  but  with  an  excessive  amount  of  energy.  Once  the  electrons  settle  into 
the  conduction  band,  this  additional  energy  is  dissipated  as  heat. 

Combining  the  three  types  of  internally-generated  heat  with  the  amount  lost  from 
heat  transfer  gives  the  total  amount  of  heat  (q)  in  a  solar  cell  as  [36]: 

q  =  qi-qi  (ii) 

Where: 

qi  =  Total  internal  heat  generated 
ql=  Total  heat  loss  (dissipation) 
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Solar  cells  eventually  reach  an  elevated  thermal  equilibrium  as  the  amount  of 
cooling  matches  the  amount  of  heat  generated.  Their  temperature  is  typically  managed 
through  convective  cooling  systems  because  maintaining  a  low  cell  temperature  is  critical 
in  maximizing  efficiency.  This  is  shown  in  Avrett’s  test  results,  which  indicate  that 
photocurrent  decreases  roughly  O.OlSmA  per  1°C  rise  in  temperature  [36]. 

Considering  the  efficiency  degradation  from  heat  in  conjunction  with  optical  and 
electrical  losses,  it  is  clear  that  the  reduction  of  all  three  is  necessary  to  create  solar  cells 
capable  of  reaching  the  S-Q  efficiency  limit.  Although  these  limitations  are  primarily 
considered  during  design,  they  also  impact  how  solar  cells  are  fabricated. 

2.4.  Solar  Cell  Fabrication 

Commercial  solar  cell  processing  typically  involves  four  steps:  diffusion  (doping), 
ARC  application,  contact  forming,  and  annealing  [14].  With  the  exception  of  contact 
forming,  which  for  solar  cells  is  done  using  a  process  called  screen  printing,  these 
techniques  are  also  common  in  microelectromechanical  systems  (MEMS)  fabrication. 

2.4.1.  Diffusion 

A  p-n  junction  requires  dopant  atoms  for  electron  mobility.  These  atoms  are 
introduced  through  a  process  called  diffusion  where  impurity  atoms  are  driven  into  the 
silicon  substrate  at  temperatures  between  900°C  and  1200°C  [37].  This  happens  in  three 
ways:  substitution,  displacement,  and  interstitialcy.  Substitution  is  when  the  impurity 
atom  consumes  a  lattice  vacancy,  displacement  occurs  when  the  impurity  atom  “pushes” 
out  a  lattice  atom  and  takes  its  place,  and  interstitial  atoms  are  impurities  that  reside  in 
between  the  lattice  atoms  without  any  displacement. 
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The  most  common  impurity  atoms  for  silicon  are  boron  (p-type)  and  phosphorous 
(n-type).  As  previously  mentioned,  the  inclusion  of  these  impurity  atoms  is  critical  to  the 
formation  of  a  p-n  junction  and  the  photovoltaic  process.  The  time  and  temperature  of  the 
diffusion  process  determines  how  far  the  impurity  atoms  are  driven  into  the  substrate. 
These  atoms  enter  the  material  vertically  and  laterally,  but  because  solar  cells  are  doped 
without  any  masking,  lateral  diffusion  effects  are  negligible.  The  resulting  depth  of  the 
dopant  atoms,  known  as  the  junction  depth  (xj),  indicates  where  the  impurity 
concentration  reaches  zero  (Figure  8). 


Impurity  Substrate 
Wafer 

(a) 


Impurity  Substrate 
Wafer 


(b) 


Wafer 

(c) 


Figure  8.  The  diffusion  process;  (a)  a  source  impurity  wafer  such  as  boron  is  placed  =:l/4” 
away  from  the  silicon  substrate  wafer  and  (b)  placed  into  an  oven  between  900-1200°C 
where  impurity  atoms  are  driven  into  the  substrate  to  create  (c)  a  junction  depth  (x,)  that 
depends  on  time  and  temperature  in  the  furnace. 


2.4.2.  Anti-Reflection  Coating  Application 


The  two  main  types  of  ARCs  for  silicon  are  silicon  dioxide  (Si02)  and  silicon 


nitride  (Si3N4)  [14].  However,  due  to  a  better  reflection  factor  (less  than  1%),  silicon 


nitride  has  become  the  industry  standard.  Once  this  layer  has  been  deposited,  which  is 


typically  done  using  a  chemical  vapor  deposition  (CVD)  process,  the  wafer  is  ready  for 


metal  contacts. 
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2.4.3.  Contact  Forming 

Massed  produced  solar  cells  rely  on  screen  printing,  which  uses  a  metal  paste 
applied  to  a  mask  that  rests  on  the  silicon  [38],  When  the  mask  is  removed,  the  remaining 
metal  makes  up  the  cell’s  front  contacts.  This  technique  is  quick  but  results  in  poor 
contact  integrity  and  inconsistent  thickness.  More  robust  and  consistent  contacts  can  be 
fabricated  using  metal  deposition,  which  deposits  metal  onto  wafers  via  CVD,  atomic 
layer  deposition  (ALD),  or  physical  deposition  [12].  CVD  uses  a  chemical  reaction  to 
provide  high-quality  films  such  as  ARCs  and  is  useful  for  high-aspect  ratio  devices  due  to 
its  conformal  nature.  A  variation  of  CVD  is  ALD,  which  deposits  one  atomic  layer  at  a 
time.  However,  since  solar  cell  efficiency  relies  on  thick  contacts  that  are  highly 
conductive,  ALD  is  not  an  applicable  method  of  photovoltaic  processing. 

Sputtering  also  deposits  one  atom  at  a  time,  but  during  a  physical  deposition 
process  that  does  not  typically  include  a  chemical  reaction.  It  is  based  on  a  ballistic 
exchange  of  momentum;  atoms  are  deposited  onto  the  wafer  after  being  ejected  from  a 
target  that  was  bombarded  by  ions  formed  by  a  plasma.  In  order  to  avoid  the  conformal 
coating  inherent  in  sputtering,  another  type  of  physical  deposition  is  used:  evaporation. 
This  method  heats  metal  to  its  evaporation  temperature,  transferring  it  to  a  wafer  where  it 
condenses.  Since  the  metal  sits  in  a  crucible  directly  below  the  wafer,  it  is  evaporated  in 
straight  lines  and  is  not  conformal.  This  method  enables  follow-on  processing  such  as 
metal-Iift  off,  which  uses  a  solvent  to  attack  the  material  beneath  unwanted  portions  of 
metal  so  it  can  be  lifted  away.  The  remaining  metal  is  then  partially  diffused  into  the 
silicon  by  putting  the  wafer  into  an  annealing  oven  during  the  RTA  process. 
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2.4.4.  Annealing 

Annealing  is  the  process  of  heating  and  cooling  a  metal  in  order  to  remove 
internal  stress.  RTA  is  a  variation  of  this  process  that  quickly  heats  and  cools  a  wafer  in 
order  to  form  an  alloy  between  the  metal  and  the  silicon.  Various  annealing  profiles  have 
been  developed  and  range  from  five  seconds  to  over  three  minutes  at  temperatures 
between  400°C  and  1 100°C  [39,  40].  The  type  of  metal  being  annealed  determines  the 
temperature  used  in  the  process,  which  is  selected  below  the  metal’s  melting  point.  The 
duration  of  the  RTA  depends  on  the  type  of  metal  as  well,  but  must  also  take  into  account 
the  type  of  substrate.  A  variety  of  time-temperature  optimization  results  are  available  to 
help  determine  the  best  parameters  for  ohmic  contact  creation  without  increasing  sheet 
resistance  [41,  42].  Although  the  RTA  process  is  a  critical  step  in  creating  efficient  solar 
cells,  it  is  also  used  in  both  microelectronic  and  MEMS  fabrication. 

2.4.5.  MEMS  Fabrication 

There  are  three  major  types  of  MEMS  fabrication  techniques:  bulk 
micromachining,  surface  micromachining,  and  high-aspect  ratio  processing  [31,  32].  Bulk 
micromachining  is  a  subtractive  process  that  consists  of  etching  into  a  substrate  wafer  to 
create  devices  (Figure  9a).  For  example,  ink-jet  printer  nozzles  can  be  fabricated  by 
etching  a  small  hole  through  a  silicon  wafer.  This  type  of  fabrication  depends  largely  on 
the  crystalline  structure,  how  the  material  responds  to  different  etching  chemicals,  and  the 
thickness  of  the  substrate.  Since  most  wafers  are  less  than  925pm  thick  (typically  300- 
500pm),  devices  fabricated  using  this  technique  have  limited  heights  [43]. 
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Figure  9.  MEMS  fabrication  processes  examples:  (a)  a  micro-jet  nozzle  created  using 
bulk  micromachining  (subtractive  processing);  (b)  a  MEMS  bimorph  cantilever  beam 
fabricated  by  adding  and  etching  layers  during  surface  micromachining;  and  (c)  a  high- 
aspect  ratio  structure  constructed  using  the  LIGA  process. 


In  contrast,  surface  micromachining  is  an  additive  process  that  adds  thin  layers  of 
material  onto  a  substrate  (Figure  9b).  This  process  is  versatile  since  a  wide  range  of 
substrates  and  materials  are  available  for  processing  which  can  create  complicated 
devices  such  as  moving  gears.  Surface  micromachining  has  countless  applications  but 
similar  to  bulk  micromachining,  devices  produced  with  this  technique  have  limited 
heights.  As  more  layers  are  added  and  etched  to  form  structures,  the  nature  of  the  etching 
reduces  the  ability  to  achieve  tall,  smooth  vertical  walls. 

In  order  to  address  the  need  for  these  types  of  devices,  high-aspect  ratio 
processing  was  developed  and  can  create  devices  with  heights  100  times  greater  than 
their  width.  This  technique  is  based  on  the  German  process  '‘Lithographie, 
Galvanoformung,  Abformung"  (LIGA)  which  means  lithography,  electroplating,  and 
molding.  This  process  is  capable  of  producing  tall  structures  with  high  aspect  ratios 
through  either  injection  molding  or  stamping  (Figure  9c,  Figure  10).  The  metal  molds  are 
created  by  electro-plating  the  gaps  left  behind  after  exposing  a  light-sensitive  material  to 
X-rays  or  UV-rays.  This  fabrication  step,  known  as  photolithography,  is  commonly  used 
to  create  microelectronic  and  MEMS  devices. 
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Figure  10.  Scanning  electron  microscope  (SEM)  image  of  a  20:1  aspect-ratio  LIGA- 
fabricated  structure.  Device  height:  120pm;  smallest  width:  6pm  [44]. 

Photolithography  consists  of  applying,  exposing,  developing,  and  etching  a  light- 
sensitive  material  ealled  photoresist  or  resist  [12].  First,  the  resist  is  applied  in  liquid 
form  onto  a  substrate  wafer.  The  wafer  is  spun  at  a  eertain  speed  to  spread  the  resist 
evenly  across  its  surface.  Onee  it  has  been  spread,  the  wafer  is  heated  to  harden  or  set  the 
resist.  The  next  step  is  exposure,  which  projects  an  ultraviolet  (UV)  light  through  a 
speeifically  designed  mask  that  is  plaeed  between  the  light  source  and  the  wafer.  The 
resist  responds  to  the  light  in  one  of  two  ways:  positive  photoresist  has  chemical  bonds 
that  are  weakened,  making  it  more  soluble;  negative  photoresist  responds  by  ereating 
longer  polymer  chains  that  result  in  the  resist  beeoming  more  robust. 

After  exposing,  the  wafer  is  submerged  in  a  chemical  that  attacks  the  weaker 
resist.  Similar  to  photography,  the  developing  proeess  brings  out  the  image  that  was 
transferred  by  the  mask.  The  final  step  is  etehing,  which  removes  any  remaining 
unwanted  resist.  Without  photolithography  and  MEMS  proeessing  teehniques,  researeh 
into  many  of  the  emerging  solar  cell  designs  would  not  have  been  possible. 
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2.5.  Current  Solar  Cell  Research 


Contemporary  photovoltaic  research  trends  are  focused  on  a  variety  of  techniques 
to  enhance  efficiency.  The  most  common  of  these  include  organic  photovoltaics,  thin- 
film  solar  cell  light  trapping  techniques,  and  multi-junction  solar  cell  architectures. 

2.5.1  Organic  Photovoltaics 

An  alternative  to  silicon-based  solar  cells  are  organic  solar  cells.  Also  known  as 
plastic  solar  cells,  this  technology  uses  conductive  organic  polymers  which  enables 
applications  such  as  flexible  solar  cells  on  the  wings  of  unmanned  aerial  vehicles  (UAVs) 
[45,  46].  In  addition  to  being  flexible,  they  weigh  less  than  silicon  solar  cells  and  can  be 
designed  to  fit  a  variety  of  different  applications.  However,  organic  solar  cells  have  much 
lower  efficiencies — barely  8% — and  are  prone  to  photochemical  degradation  [47,  48]. 

2.5.2  Thin-film  Solar  Cells 

Another  solar  cell  technology  being  researched  is  thin-film  solar  cells.  These  cells 
range  in  thickness  from  half  the  width  of  a  human  hair  down  to  only  a  few  nanometers 
and  can  be  either  organic  or  inorganic  [49].  Although  their  extreme  reduction  in  thickness 
allows  versatile  applications,  they  experience  an  increase  in  reflection  and  transmission, 
limiting  efficiencies  to  around  20%  [5].  Researchers  are  developing  a  myriad  of  light 
trapping  techniques  to  overcome  the  limited  efficiency  of  thin-film  solar  cells.  The  idea 
for  light  trapping  is  to  provide  the  longest  possible  path  for  photons  to  travel  so  they  have 
more  opportunity  for  absorption.  Methods  are  currently  focused  on  front  grating  surfaces 
and  morphology  [50,  51,  52,  53,  54,  55];  internal  diffraction  structures  [56,  57,  58];  and 
rear  contact  grating  surfaces  [59,  60,  61]. 
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2.5.3.  Multi-junction  Solar  Cells 

The  most  solar  radiation  can  be  absorbed  and  converted  into  photocurrent  using 
multi-junction  solar  cell  architectures,  which  are  stacked  semiconductor  materials.  Each 
material  has  a  unique  band  gap  and  absorbs  only  a  portion  of  the  electromagnetic 
spectrum  allowing  subsequent  cells  with  lower  band  gaps  to  capture  the  rest  [62,  63],  In 
effect,  each  material  is  a  solar  cell  that  contributes  to  combined  photocurrent  (Figure  1 1). 


Figure  11.  Representation  of  a  multi-junetion  solar  cell.  As  radiation  enters  the  cell,  high 
band  gaps  are  absorbed  by  material  1,  medium  band  gaps  by  material  2,  and  low  band 
gaps  by  material  3  to  produce  high-efficiency  cells. 

By  stacking  these  cells,  engineers  have  been  able  to  obtain  a  record  high 
efficiency  of  46.0%  [5].  Although  the  theoretical  limit  for  multi-junction  solar  cells  is 
86.8%,  the  cost  and  complexity  of  these  architectures  render  them  inadequate  for  mass 
production  [64].  The  global  proliferation  of  solar  cells  as  a  renewable  energy  source  can 
only  be  realized  by  combining  advanced  light  trapping  techniques  with  low-cost 
fabrication,  which  can  be  achieved  by  exploiting  the  natural  behavior  of  light. 

2.6.  Properties  of  Light 

Electromagnetic  radiation  can  be  described  in  two  distinct  ways;  as  particles  and 
as  propagating  waves.  Each  of  these  characteristics  can  independently  help  increase  solar 
cell  efficiency  under  the  proper  conditions. 
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2.6.1.  Particles 


The  concept  that  light  behaves  like  a  stream  of  particles,  or  rays,  is  based  on  Isaac 
Newton’s  experiments  with  reflection  and  refraction  [65],  Reflection  is  the  result  of  light 
interacting  with  a  non-transmissive  medium  when  light  rays  are  redirected  away  from  a 
surface  in  either  a  specular  or  diffuse  nature  [11],  Specular  reflection  is  when  a  ray  strikes 
a  flat  surface  that  reflects  it  away  at  an  angle  equal  to  its  angle  of  incidence  (Figure  12). 
Diffuse  reflection  is  when  a  ray  strikes  a  rough  surface  that  reflects  it  in  every  direction. 
An  example  is  a  paved  road  that  is  dull  (diffuse)  when  dry  and  appears  reflective 
(specular)  when  wet.  This  happens  because  water  fdls  the  imperfections  in  the  road, 
making  it  a  specular  surface  that  reflects  light  more  directly. 


Figure  12.  Types  of  light  ray  reflection:  (a)  specular  reflection  occurs  on  flat  surfaces 
where  the  angle  of  incidence  (0i)  is  equal  to  the  angle  of  reflection  (62)  and  (b)  diffuse 
reflection  is  the  result  of  light  ray  dispersion  due  to  surface  roughness. 


When  light  enters  a  medium  that  is  at  least  partially  transmissive,  it  experiences  a 
shift  in  direction  due  to  the  change  in  refractive  indexes  (Figure  13)  [23].  The  refractive 
index  indicates  how  easily  light  can  travel  through  a  medium.  The  change  in  direction  is 
defined  in  terms  of  its  angle  of  refraction  {Of)  and  depends  on  its  angle  of  incidence  (^1) 
described  by  Snell’s  Law  [66]: 


iij  •  sin  6>i  =  «2  ■  sin  0^ 


Where: 

nj  =  Refractive  index  of  material  1 
=  Refractive  index  of  material  2 


(12) 
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Figure  13.  The  result  of  light  rays  travelling  from  one  medium  into  another  is  refraction. 

The  angle  of  refraction  (82)  depends  on  the  refractive  indexes  (ni,  n2)  and  angle  of 

incidence  (0i). 

Refraction  and  reflection  are  often  design  considerations  when  seeking  to  reduce 
optical  loss  in  solar  cells,  such  as  with  ARCs  (see  Section  2.3.1).  Depositing  an  ARC 
onto  a  rough  surface  fiirther  increases  absorption  by  creating  a  diffuse  surface  that  takes 
advantage  of  the  resulting  angle  of  refraction.  As  incident  light  is  refracted  by  the  rough 
surface,  it  has  a  second  chance  at  being  absorbed  by  an  adjacent  peak.  Combined  gains 
from  ARCs  and  surface  roughness  reduce  solar  cell  reflection  to  ~3%  [14].  However, 
light  cannot  completely  be  explained  through  ray  modeling;  it  can  also  behave  like 
waves,  which  have  their  own  unique  set  of  characteristics  and  behaviors. 

2.6.2.  Waves 

The  wave  nature  of  light,  which  was  first  posited  by  Christiaan  Huygens  in  1678, 
was  proven  by  Thomas  Young’s  double-slit  experiment  in  1801  [67,  68].  In  the 
experiment,  a  plate  was  fabricated  with  two  small  parallel  slits  in  it.  It  was  illuminated  by 
a  laser  with  the  expectation  that  two  matching  bands  of  light  would  be  seen  on  the 
detector  behind  the  plate.  However,  a  diffraction  pattern  was  observed  instead,  which  is  a 
result  that  cannot  be  generated  by  particles.  Diffraction  is  the  result  of  a  wave 
encountering  an  obstruction  that  alters  its  nature  (Figure  14a). 
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Figure  14.  Examples  of  the  wave  nature  of  light:  (a)  diffraction  from  light  waves 
interacting  with  an  obstacle  and  (b)  constructive  and  destructive  interference  from  two 
coherent  waves  overlapping. 


The  specific  type  of  diffraction  that  Young  observed  was  an  interference  pattern, 
which  was  created  because  the  waves  were  coherent.  Coherence  is  when  two  waves  have 
the  same  phase  and  frequency.  If  two  coherent  waves  interact  with  each  other  and  their 
peaks  overlap,  the  result  is  constructive  interference',  when  a  peak  meets  a  valley,  the 
result  is  destructive  interference  (Figure  14b)  [69].  Therefore,  the  pattern  that  emerged 
from  the  double-slit  experiment  proved  that  light  also  behaves  like  a  wave  (Figure  15). 


Figure  15.  Thomas  Young’s  1803  sketch  of  interference  patterns  resulting  from  the 
double-slit  experiment  in  which  two  diffracted  coherent  waves  emerged  from  slits  in  a 
screen.  The  result  was  constructive  and  destructive  interference  [70]. 
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Since  the  constractive  and  destractive  interference  bands  are  a  result  of  the  slit 


size  and  the  distance  the  waves  travel  as  they  interfere,  the  width  and  periodicity  of  the 
bands  can  be  specified.  Taking  advantage  this  phenomenon  to  reduce  photon  reflection 
by  placing  solar  cell  contacts  within  the  destructive  interference  bands  is  the  basis  of  the 
HMJ-Si  concept. 

2.6.3.  Propagation 

Considering  light  as  a  series  of  waves  offers  the  application  of  wave  formulas  that 
represent  electromagnetic  propagation.  Mathematical  expressions  that  account  for 
intensity  and  phase  have  enabled  the  theoretical  study  of  light  wave  behavior  for  decades. 
One  of  the  most  accurate  representations,  known  as  the  Rayleigh-Sommerfeld  diffraction 
formula,  describes  light  propagation  from  a  point  (x,y)  to  another  (w,^)  based  on  a  two- 
dimensional  Fourier  transform  [24]: 


U(x,y)-e\p(  +{w-x)-  +(s- j>)’ 


/I 


z  +(w-x)  +(^-y) 


dxdy  (13) 


Where: 

U(x,y)  =  Field  in  the  original  x-y  coordinate  plane 
U(w,s)  =  Field  in  the  resulting  w-s  coordinate  plane 
z  =  Normal  distance  between  planes 
X  =  Wavelength 

It  is  important  to  note  that  certain  approximations  must  be  made  due  to  the  infinite 
nature  of  light  and  limited  computational  capabilities.  This  means  that  mathematical 
models  are  only  accurate  to  a  certain  degree  and  can’t  account  for  every  anomaly  or 
optical  aberration. 
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However,  in  certain  situations  the  approximations  simplify  the  formulas  without 
significantly  reducing  the  fidelity  of  the  models.  For  example,  if  the  normal  distance  is  so 
large  that  it  is  approximately  equal  to  the  point-to-point  distance,  the  result  is  the 
simplified  Fresnel  approximation  formula  [24]: 

U{w',s')  =  -^  \  fc/(x,y)-exp  ^  -QM-jlTriw' x  + s' y))dxdy  (14) 

j^^LL  [  J 

Where: 

yj  =  Leading  phase  term:  exp  ( jlnz)  ■  exp  ( jnXz{w '^  +  5  ) 

U(w  ’,s  ’)  =  Modified  resulting  field  with  w’  =  wIAz  and  s’  =  sIXz 

Another  simplified  approximation  applies  when  the  normal  distance  is  much 
larger  than  the  point-to-point  distance  divided  by  the  wavelength.  Known  as  the 
Fraunhofer  approximation  formula,  this  is  the  simplest  expression  for  the  propagation  of 
light  that  can  be  used  [24]: 


UU  UU 

C/(w',5')  =  -^  [  [u{x,y)-Qixp{-j27r{w'x  +  s'y))ldxdy 

j^^LL 


Where  z  is  much  larger  than 


k{x^  +y^) 


The  above  formulas  are  good  representations  of  light  waves  for  a  given  phase  and 
intensity.  However,  when  considering  a  detector  plane  such  as  the  chip  array  inside  a 
camera,  only  the  intensity  is  recorded.  The  leading  phase  terms  drop  out  and  the 


remaining  formula  is  converted  to  a  double-summation  computer  algorithm: 


7  M  f 

Uiw,s)~—^^Uix,y)-exp  (16) 

Where: 

r  =  Point-to-point  distance  as  a  function  of  {x,y)  and  (w,^) 
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This  formula  enables  computer  programs  to  model  and  simulate  light  wave 
behavior.  More  specifically,  it  enables  the  design  of  grating  patterns  that  produce  periodic 
diffraction  patterns.  Optimized  intensity  patterns  were  developed  through  rigorous 
modeling  in  the  following  research  in  order  to  validate  the  theory  behind  the  HMJ-Si 
solar  cell  and  determine  its  specific  design  parameters. 

Summary 

This  chapter  discussed  the  background  theory  and  principles  of  the  photovoltaic 
process.  It  covered  solar  cell  parameters,  limitations,  fabrication  techniques  and  current 
research  seeking  to  improve  solar  cell  efficiency.  Finally,  light  wave  behavior  and 
propagation  was  covered,  which  is  the  basis  of  the  HMJ-Si  concept. 
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III.  Modeling  and  Methodology 


Chapter  Overview 

The  purpose  of  this  chapter  is  to  detail  the  methodology  used  during  HMJ-Si  solar 
cell  research  and  development.  First,  the  physical  architecture  is  explained  to  provide  an 
understanding  of  the  concept.  The  intent  and  assumptions  of  this  research  are  outlined 
and  the  investigated  parameters  are  discussed,  followed  by  the  modeling  and  simulation, 
specific  fabrication  techniques,  and  testing  approach. 

3.1.  Hybrid  Multi-junction  Silicon  Solar  Cells 

The  primary  advantage  of  the  HMJ-Si  architecture  is  that  sunlight  has  four 
chances  of  absorption.  It  first  enters  the  top  cell  where  a  majority  of  the  photocurrent  is 
generated  until  it  propagates  through  the  rear  grating  contact,  forming  interfering  waves. 
The  bottom  cell  maximizes  absorption  since  the  contacts  are  located  within  the 
destructive  interference  bands  produced  by  the  top  cell.  Light  reaching  the  rear  contact  is 
reflected  back  into  the  bottom  cell  for  a  third  opportunity  and  once  more  if  any  re-enters 
the  top  cell.  In  addition  to  improved  light  trapping,  the  HMJ-Si  design  uses  low-cost, 
common  fabrication  processes  based  on  the  most  abundant  material  on  Earth:  silicon. 

HMJ-Si  solar  cells  have  three  main  characteristics  that  differentiate  them  from  the 
traditional  cells  shown  in  Figure  4:  stacked  wafers,  patterned  inner  grating  contacts,  and 
an  isolating  air  gap  (Figure  16).  These  are  the  fundamental  components  that  promote  light 
trapping  via  interference  pattern  formation.  Each  silicon  wafer  is  a  stand-alone  solar  cell 
with  a  p-n  junction  and  ffont/rear  contacts;  the  hybrid  multi-junction  structure  is  formed 
when  these  cells  are  stacked.  The  resulting  tandem  configuration  requires  specifically 
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Figure  16.  Cross  sectional  view  of  a  hybrid  multi-junction  silicon  (HMJ-Si)  solar  cell. 

Major  components  include  the  top  and  bottom  silicon  solar  cells,  front  and  rear  contacts, 
grating  contacts,  air  gap,  and  metal  interconnects. 

designed  inner  grating  contacts  so  the  bottom  solar  cell  receives  light  that  wasn’t 
absorbed  in  the  top  cell.  These  inner  grating  contacts  produce  interference  patterns  and 
are  separated  by  an  air  gap  distance  determined  by  the  thickness  of  the  metal 
interconnects,  which  also  serve  as  the  cell’s  anode. 

The  HMJ-Si  cells  were  constructed  using  common  materials  to  avoid  elevating 
process  costs.  The  AFIT  clean  room  stocks  380-500pm  thick  silicon  wafers  and  the  AFIT 
Modeling  and  Fabrication  Shop  made  washers  out  of  2  8 -gauge  carbon  steel  sheet  metal 
for  use  as  the  interconnects.  The  actual  thickness  of  these  interconnects — 385pm — ^was 
measured  at  Wright-Patterson’s  Precision  Measurement  Equipment  Laboratory  (PMEL). 
The  contact  metal  was  initially  aluminum  due  to  its  availability  and  low  resistivity,  but 
silver  was  also  investigated  [71]. 


3.2.  Research  Considerations 

The  objective  of  this  research  was  to  develop  a  functioning  HMJ-Si  architecture 
as  a  proof-of-concept  for  a  novel  light-trapping  method  that  increases  solar  cell 
performance.  The  resulting  efficiency  was  examined  within  a  set  of  reasonable 
assumptions  to  fully  understand  HMJ-Si  functionality,  applicability,  and  future  potential. 
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3.2.1.  Objective 

High-efficiency  solar  cells  are  expensive  to  produee,  so  typieal  eommercial  cells 
have  limited  power  densities.  The  HMJ-Si  arehiteeture  is  intended  to  remedy  this  by 
providing  better  effieiency  without  higher  fabrieation  costs.  Using  processes  that  are 
eommonly  available  means  that  existing  manufacturers  will  not  need  to  buy  retooling 
equipment;  their  production  expense  will  only  experienee  a  modest  increase  in  proportion 
to  the  additional  amount  of  raw  materials  required. 

Although  light  trapping  is  the  primary  method  for  increased  effieiency,  other 
eharacteristics  factor  into  the  overall  performanee.  The  air  gap  that  enables  interference 
patterns  also  provides  thermal  isolation  between  the  two  eells,  resulting  in  a  lower  bottom 
eell  temperature.  The  overall  temperature  ean  be  reduced  even  more  by  replacing  the  top 
eell  with  a  higher  band  gap  semieonductor  other  than  silicon.  The  new  top  cell  will 
absorb  the  higher  energy  photons  that  normally  ereate  exeess  heat  within  a  silicon  solar 
cell  (see  Seetion  2.3.3).  Isolating  these  higher  energy  photons  and  allowing  the  band  gap- 
matehed  photons  to  propagate  into  the  bottom  silieon  eell  will  further  enhance  the 
efficieney  of  the  staeked  solar  cell  architecture.  These  hypotheses  are  based  on  the 
assumption  that  the  proof-of-eoneept  demonstrated  in  this  researeh  can  be  modified  with 
an  exotie-material  top  eell  without  having  an  adverse  affeet  on  the  eleetrical  performanee 
of  HMJ-Si  cells. 

3.2.2.  Assumptions 

Additional  assumptions  were  made  throughout  this  researeh  to  help  streamline  the 
results  and  validate  the  initial  methodology  and  include: 


34 


Design  Assumptions 

•  Using  polysilicon  (p-Si)  instead  of  crystalline  silicon  (c-Si)  for  HMJ-Si  cells  will 
reduce  efficiency  an  insignificant  amount  and  in  proportion  to  current  p-Si/c-Si 
commercially  available  solar  cell  loss  ratios. 

•  Higher  band  gap  radiation  (400-800nm)  does  not  adversely  affect  the  periodicity  or 
intensity  of  the  interference  patterns. 

•  The  total  architecture  thickness  (=;lmm)  is  suitable  for  transitioning  to  existing  solar 
panel  manufacturing  processes. 

Modeling  and  Simulation  Assumptions 

•  Optical  aberrations  within  the  cell,  if  present,  are  trivial  and  do  not  impact  the 
overall  light  wave  behavior. 

•  Light  waves  propagating  through  silicon  experience  a  uniform  phase  delay. 

•  Sampling  rates  selected  for  modeling  and  simulation  are  sufficient  for  accurate 
representations  of  HMJ-Si  behavior. 

•  Reflection  and  refraction  effects  from  extreme  angles  are  negligible. 

Material  Assumptions 

•  Silicon  wafers  will  remain  available  and  inexpensive  due  to  a  lack  of  resource 
constraints. 

•  Materials  are  consistent  between  cells  and  within  each  cell  (extrinsic  doping 
concentration,  material  thicknesses,  wafer  and  metal  uniformity). 

•  Grating  contact  thickness  has  a  negligible  effect  on  interference  pattern  formation. 

•  Actual  junction  depths  achieved  match  those  posted  in  the  source  wafer  data  sheets. 
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Testing  Assumptions 

•  Thermal  measurements  are  accurate  since  ambient  heat  caused  by  the  testing 
devices  was  exhausted. 

•  Internal  test  equipment  resistance  does  not  significantly  affect  the  accuracy  of 
voltage  or  current  readings. 

•  Higher  efficiencies  and  thermal  behavior  can  be  observed  when  testing  in  an  zero 
air-mass  (AMO),  vacuum  chamber  environment. 

•  The  spectral  signature  of  the  lamp  matches  AMI  .5. 

Application  Assumptions 

•  Protective  coatings  such  as  glass  or  acrylic  or  associated  encasement  for 
commercial  applications  will  not  significantly  reduce  efficiency. 

•  Logistical  impacts  of  the  increased  weight  of  HMJ-Si  cells  versus  traditional  cells 
will  be  offset  by  the  higher  power  densities  achieved. 

•  The  HMJ-Si  structure  is  viable  for  space-based  applications. 

•  Thinner  wafers  will  not  degrade  the  applicability  of  the  cells. 

3.3.  Investigated  Parameters 

The  advanced  light  trapping  scheme  in  HMJ-Si  cells  depends  heavily  on  the 
interoperability  of  specific  parameters.  For  example,  photocurrent  harvesting  is  only 
maximized  when  the  grating  contact  geometries  are  matched  with  each  other  as  well  as 
the  air  gap  distance.  Successful  development  of  the  HMJ-Si  architecture  was  performed 
by  developing  and  refining  the  following  eight  parameters. 
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3.3.1.  Wafer  Configuration 

Semiconductor  p-n  junctions  operate  like  a  diode  where  positive  current  flows  out 
of  the  n-doped  region  {cathode)  and  into  the  p-doped  region  {anode)  [13],  Solar  cells, 
typically  represented  as  photodiodes,  have  cathode  locations  that  depend  on  the  type  of 
extrinsic  doping.  Generally,  p-type  silicon  wafers  have  cathodes  at  the  front  of  the  cell 
and  n-type  silicon  wafers  have  cathodes  at  the  rear  (Figure  17). 


Front of  Front of 

Photodiode  solar  cell  solar  cell 


(a)  (b)  (c) 

Figure  17.  Circuit  symbols  and  equivalent  solar  cell  representations  identifying  the 
cathode  and  anode  of  (a)  a  photodiode,  (b)  a  photodiode  created  with  p-type  silicon,  and 
(c)  a  photodiode  created  with  n-type  silicon. 

The  orientation  of  the  p-n  junction  diodes  is  a  critical  parameter  of  the  HMJ-Si 
architecture  because  efficiency  relies  on  effective  current  flow  throughout  the  circuit.  For 
instance,  conflicting  current  directions  might  cause  inadvertent  recombination,  reducing 
the  fill  factor  and  power  output  of  the  cell. 

There  are  three  possible  variations  for  the  HMJ-Si  cell  structure:  unidirectional, 
common  cathode,  and  common  anode;  the  type  of  configuration  depends  on  the  extrinsic 
doping  of  the  top  and  bottom  cells  (Figure  18).  These  configurations  were  examined 
using  two  p-type  wafers  and  two  n-type  wafers  to  produce  four  single-layer  silicon  solar 
cells  arranged  into  the  configurations  identified  in  Figure  18  for  testing.  All  four  cells 
were  fabricated  using  consistent  processes,  metals,  and  contact  patterns  to  isolate  the 
effects  of  diode  orientation  on  the  relative  efficiency  of  HMJ-Si  solar  cells. 
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(a)  (b)  (c) 


Figure  18.  Circuit  representations  of  HMJ-Si  diode  orientation  study;  (a)  p-type  top  cell 
and  n-type  bottom  cell  produced  a  parallel-connected,  common-anode  circuit;  (b)  stacked 
p-type  silicon  wafers  produced  a  series-connected,  unidirectional  circuit;  (c)  n-type  top 
cell  and  p-type  bottom  cell  produced  a  parallel-connected,  common-cathode  circuit. 

3.3.2.  Diffusion  Profile 

The  p-n  junction  is  the  most  critical  part  of  a  photovoltaic  cell  because  it  creates 
the  depleted  region.  The  depth  of  the  depleted  region  has  a  direct  impact  on  solar  cell 
efficiency  because  electrons  experience  more  resistance  as  they  travel  longer  distances 
through  silicon.  A  depleted  region  that  is  too  shallow  will  not  provide  an  adequate 
electric  field  or  enough  electron-hole  pairs  for  photocurrent  generation.  Similarly,  the 
silicon  substrate  below  the  depleted  region  also  limits  efficiency  through  resistance  and 
recombination.  Therefore,  an  advanced  diffusion  can  provide  a  significant  increase  in 
efficiency  and  seven  diffusion  profiles  were  explored  during  this  research  as  shown 
below  in  Table  1. 


Table  1.  Diffusion  Profile  Parameters 
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In  addition  to  single-region  and  BSF  solar  cells  (see  Section  2.3.2),  a  novel 
diffusion  profile  was  investigated:  an  enhanced  back-surface  field  (EBSF).  The  intent  of 
the  EBSF  is  to  reduce  dark  current  by  adding  another  voltage  drop,  improve  electron  drift 
by  acting  as  an  “electric  mirror”,  and  increasing  photon  absorption  through  an  additional 
depleted  region. 

3.3.3.  Front  Contact  Design 

One  of  the  challenges  in  solar  cell  optimization  revolves  around  the  design  of  the 
front  contacts.  The  ideal  situation  is  a  silicon  wafer  fully  exposed  for  photon  absorption 
while  being  completely  covered  with  metal  for  electron  mobility.  Balancing  these 
parameters  has  led  to  various  designs  that  typically  consist  of  a  rectangular  grid  structure 
with  fingers  and  busses  to  collect  and  transport  electrons  (Figure  19)  [22]. 


Figure  19.  Example  of  a  typical  solar  cell  front  metal  contact  pattern  consisting  of  bus 
bars,  primary  fingers,  and  secondary  fingers. 

Although  these  designs  are  easy  to  manufacture,  they  are  prone  to  a  phenomenon 
called  current  crowding,  in  which  electron  flow  is  impeded  by  90-degree  bends  in  the 
conductor  path.  This  effect  and  the  resulting  elevated  point  temperatures  or  “hot  spots” 
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can  be  avoided  by  properly  designing  metal  contacts  that  also  enhance  photocurrent.  A 
similar  finger  and  bus  pattern  was  designed  during  this  research  as  an  initial  baseline  for 
future  contact  design  comparison.  This  front  contact  design  closely  resembled  the  design 
shown  in  Figure  19  and  was  based  on  the  same  optimized  front  contact  spacing  criteria 
(Figure  20)  [22]. 


Figure  20.  Solar  cell  contact  design  used  for  the  front  of  the  top  hybrid  multi-junction 
silicon  solar  cell.  This  baseline  contact  geometry  was  modeled  after  typical  commercial 
solar  cell  contact  designs  that  incorporate  optimized  spacing  [22]. 

A  novel  design  approach  for  the  front  contacts  was  explored  based  on  the 
diameter  of  an  electron  (2.82  xlO'^^m)  being  six  times  larger  than  the  diameter  of  a 
photon  (0.5  xl0'*^m)  [72].  The  idea  was  that  a  corresponding  front  contact  coverage 
area — ^roughly  15% — would  increase  a  cell’s  efficiency  by  allowing  six  times  as  many 
photons  to  enter  the  wafer  for  every  electron  collected.  While  maintaining  this  ratio,  four 
distinct  1”  by  1”  contact  geometries  were  designed  on  a  single  wafer:  an  incremented 
spiral,  a  ring  lattice,  periodic  branching,  and  a  standard  finger/bus  design  for  a  baseline 
comparison  (Figure  21). 
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Figure  21.  Solar  cell  front  contact  designs  featuring  various  geometries  on  a  single  3” 
wafer.  The  designs  are  (a)  incremented  spiral;  (b)  ring  lattice;  (c)  periodic  branching;  (d) 
standard  finger  and  bus  design  as  a  baseline  for  comparison.  Each  design  has  15.05%  of 
the  surface  area  covered  by  metal. 

In  addition  to  maintaining  15.05%  metal  coverage,  these  patterns  were  designed 
to  enhance  conduction  and  prevent  current  crowding  by  avoiding  angles  exceeding  45°, 
except  at  the  primary  bus  bar.  Taking  the  electron-to-photon  ratio  further,  a  subsequent 
contact  was  designed  based  on  combining  it  with  the  S-Q  limit  (see  Section  2.2.5).  This 
reduced  the  amount  of  surface  area  covered  by  metal  to  only  4.285%  (Figure  22). 


Figure  22.  Solar  cell  front  contact  design  of  a  highly  transmissive  butterfly  pattern  that 
avoids  current  crowding  and  applies  the  30%  Shockley-Queisser  limit  to  the  1:6  electron- 
to-photon  ratio.  The  resulting  surface  area  covered  by  metal  is  4.285%. 
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3.3.4.  Grating  Contact  Design 

The  primary  design  feature  of  the  HMJ-Si  architecture  was  the  set  of  internal 
grating  contacts  that  generate  interference  patterns.  Therefore,  the  width  and  spacing  of 
these  contacts  was  critical  to  the  overall  functionality.  The  grating  was  extensively 
modeled  to  determine  the  best  dimensions  (see  Section  3.4),  but  there  were  other 
important  considerations  that  drove  their  design.  Because  silicon  absorbs  photons  with 
wavelengths  less  than  1 1 17nm,  the  grating  was  optimized  for  a  maximum  of  1  lOOnm. 
Additionally,  a  lower-bound  limit  was  set  at  SOOnm  (1.55eV)  to  avoid  the  excessive  heat 
from  high-energy  photon  excitation.  Thus,  the  grating  spacing  was  designed  to  optimize 
absorption  within  the  800-1  lOOnm  range. 

This  design  also  accounted  for  both  parallel  and  series  circuit  investigations  by 
including  contact  tabs  outside  of  the  primary  contact  gratings  (Figure  23).  These  tabs 
were  connected  to  the  grating  contacts  via  an  outer  bus  ring  which  served  as  the  primary 
conduction  path.  The  finalized  contact  deign  was  the  keystone  of  the  HMJ-Si  cell 
architecture  and  primary  component  in  reducing  optical  losses. 


Figure  23.  Grating  contact  design  for  (a)  the  rear  of  the  top  cell  and  (b)  the  front  of  the 
bottom  cell.  The  design  included  contact  tabs  for  testing  in  either  a  series  or  parallel 
circuit  setup. 
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3.3.5.  Optical  Loss  Reduction 

In  addition  to  the  interference  patterns  limiting  optical  losses  by  mitigating 
transmission,  optical  losses  at  the  front  of  the  cell  were  investigated  through  surface 
roughness  and  ARC  application. 

When  silicon  wafers  are  manufactured,  they  are  typically  polished  on  one  side  of 
the  wafer;  the  other  side  remains  rough.  The  front  contact  patterns  were  fabricated  onto 
both  sides  of  the  wafer  in  order  to  determine  which  surface  had  a  higher  rate  of 
absorption.  The  typical  thickness  of  silicon  nitride  as  an  ARC  on  commercial  solar  cells 
is  74nm,  but  that  thickness  is  optimized  for  a  peak  absorption  at  600nm  [14].  Since  HMJ- 
Si  cells  were  designed  to  operate  from  SOOnm  to  1  lOOnm,  a  different  ARC  thickness  was 
required  for  reducing  reflection.  According  to  Equation  6,  the  optimal  thickness  for  the 
center  frequency  of  the  HMJ-Si  bandwidth  is  approximately: 


950nm 

a  = - =  \25nm 

4-1.9 


This  thickness  corresponds  to  a  refractive  index  of  3.6  for  silicon  at  950nm.  The 
refractive  index  decreases  as  the  incident  wavelengths  increase,  rising  to  approximately 
3.54  for  1  lOOnm.  This  means  that  although  an  ARC  can  optimize  a  specific  wavelength, 
it  will  not  result  in  ideal  loss  correction  across  an  entire  bandwidth.  Thus,  the  effects  of 
lOOnm,  120nm,  128nm  and  168nm  ARC  thicknesses  were  examined  to  investigate  the 
trade-offs  between  various  reflected  band  gap  energies. 
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3.3.6.  Electrical  Loss  Reduction 


Collecting  and  transporting  the  photocurrent  is  a  critical  step  in  the  power 
delivery  of  any  solar  cell.  Losses  are  caused  by  resistance,  which  is  a  factor  of  the  metal 
contact  type,  thickness,  and  interface  with  silicon.  Commercial  solar  cells  typically  use 
aluminum  because  it  is  inexpensive,  reflective,  and  highly  conductive,  but  another  option 
is  silver.  Both  were  investigated  in  this  research,  each  incorporating  a  thin  layer  of 
titanium  as  an  adhesion  layer  since  it  bonds  well  with  silicon.  The  electrical  properties  of 
these  metals  are  shown  below  in  Table  2  for  reference  [73]. 


Table  2.  Electrical  Properties  of  Selected  Metals  at  20°C 


Metal 

Resistivity  ip) 

Conductivity  (cr) 

Silver 

1.59x10'*  Q-m 

6.30x10^  S/m 

Aluminum 

2.82  xlO'*  Q-m 

3.5  xlO^  S/m 

Titanium 

43.0x10'*  Q-m 

0.2  xlO^  S/m 

The  resistivity  ip)  of  each  metal  is  important  because  it  drives  the  overall 
resistance,  R,  given  by  the  equation: 

I 

^  =  (18) 

Where: 

/  =  Length  of  the  conductor  in  meters 

Ac  =  Cross-sectional  area  of  the  conductor  in  square  meters 

Contact  resistance  was  altered  by  using  silver  and  aluminum  thicknesses  of 
150nm,  200nm,  300nm,  and  500nm;  titanium  was  deposited  with  a  typical  thickness  of 
lOnm  and  maximum  of  50nm.  The  small  overall  thicknesses  were  chosen  in  order  to 
avoid  reflection  and  fringing  effects  caused  by  high-aspect  ratio  contacts. 
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The  final  technique  for  electrical  loss  reduction  was  explored  through  RTA 
parameters.  Since  titanium  was  used  as  an  adhesion  layer,  the  annealing  times  and 
temperatures  were  based  on  optimizing  its  interface  with  silicon.  The  recipe  parameters 
(based  on  previous  research)  were  selected  as  450°C/30s  and  450°C/20s  [39,  41,  74,  75]. 

3.3.7.  Thermal  Loss  Reduction 

Reducing  cell  temperature  was  accomplished  in  the  HMJ-Si  architecture  by 
trapping  high-energy  (small  wavelength)  photons  in  the  top  cell  and  limiting  infrared 
(large  wavelength)  radiation  in  the  bottom  cell.  In  addition,  the  effect  of  front  contact 
design  on  thermal  dissipation  was  also  explored.  This  is  an  important  part  of  temperature 
reduction  since  convective  cooling  systems  common  in  solar  cell  applications  rely  on  a 
cell’s  ability  to  conduct  heat  to  the  surface  and  expose  it  for  cooling.  Therefore,  the 
patterns  and  surface  area  coverage  identified  in  Section  3.3.3  have  a  direct  impact  on  the 
overall  temperature  and  were  explored  in  this  research. 

3.3.8.  HMJ-Si  Efficiency 

The  above  parameters  were  improved  in  order  to  maximizing  the  overall 
efficiency  of  the  HMJ-Si  architecture.  Combining  these  parameters  was  necessary 
because  individual  properties  may  be  offsetting  and  lead  to  limited  performance. 
Therefore,  a  comprehensive  test  cells  for  measurement  and  characterization  were 
produced  and  incorporated  the  best  result  from  each  parameter. 

An  example  of  counterproductive  parameters  is  the  voltage  and  current  response. 
If  the  top  cell  and  bottom  cell  are  connected  in  series,  they  experience  limited  current  and 
combined  voltage;  if  connected  in  parallel  they  have  combined  current  and  limited 
voltage.  These  conflicting  requirements  prompted  an  investigation  into  the  best  type  of 
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bottom  cell  which  included  an  undoped,  partially-reflective  p-type  wafer  and  a  silver- 
coated  wafer  which  were  compared  to  the  performance  of  an  HMJ-Si  bottom  cell. 

Another  component  that  impacts  efficiency  is  wafer  thickness.  Since  the  top  cell 
needs  to  let  unabsorbed  photons  propagate  into  the  cell  below,  thinner  wafers  increase  the 
bottom  cell’s  efficiency.  Wafer  thickness  also  plays  an  important  role  in  electrical 
performance  since  larger  distances  decreases  both  electron  and  hole  mobility.  Therefore, 
thinner  wafers  were  tested  to  verify  their  impact  in  the  architecture’s  efficiency.  Silicon 
wafers  ~150pm  thick  were  purchased  for  testing  along  with  stocked  silicon  wafers  that 
were  etched  to  ~180pm.  This  etching  process  was  performed  using  a  25%  potassium 
hydroxide  (KOH)  and  de-ionized  water  solution  at  90°C  for  85min  [76]. 

3.4.  Modeling 

Prior  to  fabrication,  modeling  and  simulation  were  used  to  narrow  the  focus  of 
experimentation.  This  research  used  three  types  of  computer  aided  design  (CAD) 
software  that  included  2-dimensional  diffraction  patterns  generated  using  MATLAB®, 

3 -dimensional  propagation  using  Lumerical®  FDTD  Solutions,  and  contact  pattern  design 
using  L-Edit™. 

3.4.1.  MATLAB® 

MATLAB®  is  a  high-level  language  environment  used  for  numerical  computation 
and  visualization.  It  offers  fine-tuned,  mathematically-based  light  wave  propagation 
modeling  and  can  account  for  phase  delay  and  optical  aberrations.  In  order  to  accurately 
model  light  wave  behavior,  the  modified  Rayleigh- Sommerfeld  formula  identified  in 
Equation  15  was  used.  This  double-summation  formula  took  a  discrete  point  in  an  Ax  M 
source  plane,  U(x,y),  and  propagated  it  a  distance,  r,  via  Fourier  transformation  to  every 
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point  in  the  resulting  plane,  U(w,s),  where  the  intensity  was  measured.  Once  every  point 
in  the  source  plane  was  propagated,  the  process  was  repeated  for  each  wavelength,  X. 

This  investigation  included  wavelengths  from  800nm  to  1  lOOnm  in  lOnm  increments 
with  a  fixed  normal  distance,  z,  of  385pm. 

Although  the  distance  from  Earth  to  the  sun  is  large  enough  for  sunlight  to  be 
approximated  as  a  series  of  plane  waves,  the  span  of  its  diameter  does  have  an  effect  on 
how  incident  light  reaches  a  surface.  The  maximum  angle  of  light  subtended  by  the  sun, 
which  is  0.005  radians,  was  incorporated  by  applying  a  degree  of  tilt  to  each  source  plane 
from  -0.005  to  0.005rad  in  O.OOlrad  increments  [24].  The  finalized  code  (see  Appendix 
A.  1)  ran  a  recursive  nested  summation  algorithm  for  each  point  from  the  source  plane 
over  these  eleven  tilts  and  across  3 1  distinct  wavelengths  to  record  the  resulting  intensity 
pattern  (Figure  24). 


Masking 

Matrix  Detector 


Parameter _ Min/Max _ Increment 

a:  contact  lOO/SOOgm  SOgm 

b:  separation  500/900pm  50pm 

c:  normal  385pm  fixed 

0:  angle  -0.005/0.005rad  O.OOlrad 

X:  wavelength  800/1 1  OOnm  1  Onm 


Figure  24.  Conceptualization  of  MATLAB®  modeling  code.  Plane  waves  with  varying 
angles  and  wavelengths  were  propagated  through  a  masking  matrix  to  a  detector  plane  to 
record  the  resulting  interference  patterns. 

The  algorithm  was  applied  to  40  different  grating  patterns  with  geometries  that 
ranged  from  100pm  contaet  width  and  250pm  separation  to  500pm  width  and  900pm 
separation.  The  grating  patterns  were  modeled  by  construeting  a  masking  matrix  that  was 
multiplied  with  the  source  wave  to  periodically  cancel  its  intensities.  Using  MATLAB® 
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to  model  light  wave  behavior  enabled  extensive  parameter  sweeps  and  fine-tuned 
adjustments  to  determine  grating  patterns  sufficient  for  3D  simulation. 

3.4.2.  Lumerical®  FDTD  Solutions 

Finite-difference  time-domain  (FDTD)  simulation  offers  an  advantage  over  2- 
dimensional  modeling  since  it  takes  into  account  extensive  real-world  effects  such  as 
resonance  and  fringing  from  structural  characteristics.  Lumerical®  FDTD  Solutions 
software  is  capable  of  calculating  the  3-dimensional  Maxwell  equations  for  light  waves 
with  an  accuracy  down  to  the  wavelength-scale.  The  main  components  of  the  simulation 
were  the  grating  structure,  simulation  region,  and  source  wave  (Figure  25).  The  grating 
was  constructed  as  a  3 -dimensional  model  with  the  following  parameters:  150nm  thick, 
400pm  wide,  450pm  spacing,  and  aluminum  as  the  type  of  material. 


Figure  25.  Screen  shot  of  Lumerical®  FDTD  Solutions  model  in  (a)  cross-sectional  and 
(b)  perspective  view  identifying  the  simulation  region,  grating,  and  source  wave. 

The  length  of  the  grating  was  considered  infinite  since  it  extended  outside  the 
simulation  region  which  provided  boundary  conditions  for  the  light  waves.  It  also  defined 
the  calculation  accuracy  and  allowed  periodic  structure  repetition.  To  accommodate  this, 
the  boundary  conditions  (BCs)  in  the  z-direction  were  set  as  periodic,  making  the  total 
spacing  between  gratings  900pm.  The  remaining  BCs  were  anti-symmetric  in  the  y- 
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direction  and  perfectly  matched  layers  (PML)  in  the  x  direction.  PML  BCs  are  an 
artificial  perfectly-absorbing  layer  that  avoids  unintentional  fringing  effects. 

The  last  simulation  component,  the  source  wave,  was  selected  as  “plane  wave” 
from  the  pre-defined  software  database  and  its  bandwidth  adjusted  to  800-1  lOOnm.  Once 
the  settings  were  finalized,  the  simulation  generated  the  near  field  intensity  values  which 
were  then  ran  through  a  specialized  far- field  projection  algorithm  to  verify  the  nature  of 
the  diffraction  propagation. 

3.4.3.  L-Edit™ 

In  order  to  transition  the  grating  pattern  design  from  computer  modeling  to  real- 
world  implementation,  a  chrome  mask  needed  to  be  created.  This  was  accomplished  by 
first  drawing  the  mask  geometry  in  a  CAD  program  commonly  used  in  microelectronic 
fabrication  called  L-Edit™.  This  2-dimensional  design  software  enabled  the  conversion 
of  drawings  into  the  file  types  used  by  the  mask  writer  (see  Appendix  E).  The  grating 
contacts  were  drawn  using  this  program  and  designed  in  accordance  with  the  outcome  of 
the  previous  modeling  results  before  being  exported  for  fabrication. 

3.5.  Solar  Cell  Fabrication 

Although  modeling  is  an  extremely  useful  tool,  it  cannot  account  for  every  real- 
world  detail.  In  order  to  thoroughly  explore  the  response  of  the  HMJ-Si  architecture,  cells 
were  fabricated  for  testing  using  the  following  general  process  steps.  A  detailed  process 
follower  is  included  in  Appendix  C  and  list  of  equipment  in  Appendix  E  for  reference, 
but  there  are  a  few  design  considerations  that  determined  the  overall  process. 
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3.5.1.  Diffusion 


In  order  to  dope  the  n-type  and  p-type  silicon  wafers  according  to  the  diffusion 
profiles  in  Table  1,  a  p-type  and  n-type  source  were  used.  The  p-type  source  was  a  boron 
nitride  (BN)  model  975,  which  means  it  can  withstand  furnace  temperatures  up  to  975°C 
[77],  These  source  wafers  are  unique  in  that  they  require  additional  post-processing.  This 
step,  called  low  temperature  oxidation  (LTO),  is  used  to  rapidly  oxidize  the  surface  of  the 
silicon  wafer  and  trap  crystal  defects.  These  defects  are  then  removed  during  a  chemical 
etching  step  known  as  deglazing.  The  n-type  source,  model  Ph-IOOON,  is  capable  of 
temperature  up  to  1000°C  [78].  These  sources  provide  a  direct  injection  of  n-type 
phosphorous  atoms  into  the  silicon  and  requires  no  additional  processing.  The  complete 
data  sheets  for  the  BN-975  and  Ph-IOOON  sources  are  included  in  Appendix  D. 

3.5.2.  Masking 

The  mask  file  created  in  L-Edit™  was  transferred  to  a  Heidelberg  pPGlOl  mask 
writer  for  creation.  This  machine  used  a  UV  laser  to  “write”  the  pattern  into  a  thin  layer 
of  photoresist  over  chrome  on  a  4”  glass  mask.  Once  exposed  and  developed,  an  etching 
process  removed  the  patterned  chrome  and  the  mask  was  ready  for  photolithography. 

3.5.3.  Photolithography 

The  first  step  in  photolithography  was  post-diffusion  de-glazing.  This  was  done  to 
remove  any  oxides  and  surface  contaminants  on  the  wafer.  The  de-glazing  consisted  of 
submerging  the  wafer  in  a  diluted  hydrogen  fluoride  (HF)  solution  known  as  a  buffered 
oxide  etch  (BOE).  Once  the  wafers  were  dry,  S1818  photoresist  was  applied  to  the  wafer. 
S 1 8 1 8  is  a  positive  photoresist — ^meaning  that  it  becomes  more  soluble  when  exposed  to 
light — which  is  1.8pm  thick.  This  thickness  is  important  because  it  enables  metal  lift-off. 
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After  baking  the  resist,  it  was  exposed  with  UV  light  through  the  chrome  mask  in  the 
Suss  MJB-3  mask  aligner.  The  final  step  developed  and  removed  the  exposed  resist, 
leaving  behind  a  pattern  of  bare  silicon  matching  the  mask.  After  rinsing  with  de-ionized 
water  and  drying  with  nitgrogen,  the  wafer  was  ready  for  metallization. 

3.5.4.  Metallization 

In  order  for  metal  to  be  deposited  onto  a  clean  wafer,  the  samples  were  placed  in  a 
plasma  asher  to  remove  any  remaining  surface  contaminants.  The  wafers  were  then 
loaded  into  an  electron-beam  evaporator  machine  where  an  electron  beam  bombards  a 
crucible  that  contains  the  metal  pellets.  The  evaporated  metal  condensed  on  the  wafer 
directly  above,  coating  it  completely.  After  metal  deposition,  tape  was  applied  and  pulled 
away  to  remove  metal  on  top  of  the  resist.  Since  this  “lift-off’  method  didn’t  completely 
remove  the  unwanted  metal,  the  wafers  were  submerged  in  acetone  and  placed  in  an 
ultra-sonic  bath  to  dissolve  the  remaining  resist  until  only  metal  deposited  directly  onto 
the  silicon  remained.  The  final  step  in  the  fabrication  process  was  using  an  RTA  to 
provide  a  good  ohmic  contact  between  the  metal  and  silicon. 

3.6.  Testing 

Once  fabrication  was  completed,  the  solar  cells  were  tested  to  compare  results 
with  the  design  intent.  The  tests,  designed  to  verify  both  individual  parameters  and  the 
overall  response  of  the  HMJ-Si  architecture,  required  the  use  of  specialized  equipment. 

3.6.1.  Equipment 

The  sun  was  represented  using  a  solar  light  tester  with  an  AMI  .5  spectral 
signature  (see  Appendix  F).  STC  irradiance  and  temperature  (see  Section  2.2.2)  were  set 
and  verified  with  a  pyranometer  and  thermocouple  probe  prior  to  testing.  Voltage  and 
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current  readings  were  then  taken  using  independent  multimeters.  Internal  thermal 
measurements  were  taken  using  thermocouple  probes  connected  to  another  multimeter; 
the  front  contact  heat  dissipation  was  measured  with  FLIR®  infrared  cameras  spanning 
thermal  radiation  wavelengths  from  1 000-5 OOOnm  and  7000-14000nm. 

3.6.2.  Parameters 

Voc,  Isc,  and  the  IV  curve  for  resistances  from  0.  IQ  to  IkQ  were  measured  to 
identify  ideal  power,  maximum  power,  and  fill  factor.  Also  measured  was  contact 
resistance  for  metal  comparison,  transmitted  irradiance  for  optical  loss  reduction,  air  gap 
temperature  versus  top  temperature  for  thermal  management  characterization,  and  contact 
temperature  for  thermal  dissipation  comparison. 

Summary 

This  chapter  detailed  the  methodology  used  in  this  research.  The  HMJ-Si 
architecture  was  explained  and  followed  by  design  assumptions,  investigated  parameters, 
modeling  and  simulation,  fabrication  specifics,  and  the  testing  approach. 
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IV.  Results 


Chapter  Overview 

The  purpose  of  this  chapter  is  to  provide  the  data  and  results  obtained  during  this 
research.  The  information  in  this  chapter  is  divided  into  sections  that  match  the 
parameters  identified  in  Sections  3.3.1 — 3.3.8. 

4.1.  Wafer  Configuration 

Two  p-type  wafers  and  two  n-type  wafers  were  fabricated  for  testing  the 
configurations  shown  in,  but  one  of  the  n-type  samples  was  damaged  and  could  not  be 
tested.  Each  of  the  cells  were  fabricated  the  same  way,  using  an  EBSF  diffusion  profile 
and  200nm  of  aluminum  with  the  200pm/ 1 100pm  grating  pattern  on  the  unpolished 
(front)  side  of  the  wafer  and  400pm/900pm  grating  pattern  on  the  polished  (rear)  side  of 
the  wafer  (Figure  26);  the  results  are  shown  in  Table  3. 


Figure  26.  Diode  orientation  wafers  showing  (a)  the  front  contaet  on  the  unpolished  side 
of  a  wafer  patterned  into  the  200pm/ 1100pm  grating  and  (b)  the  rear  contaet  on  the 
polished  side  of  the  same  wafer  patterned  into  the  400pm/900pm  grating  pattern.  This 
contact  configuration  enabled  multiple  HMJ-Si  orientations  using  the  same  wafers. 


53 


Table  3.  Diode  Orientation  Results 


Sample 

Configuration 

Voltage  (V) 

Current  (mA) 

Pmax  (mW) 

Efficiency 

DPI 

unidirectional 

0.433 

237.6 

102.88 

2.93% 

DP2 

DPI 

common 

anode 

0.441 

290.0 

127.89 

3.65% 

DNl 

DP2 

common 

anode 

0.468 

275.0 

128.70 

3.67% 

DNl 

DNl 

common 

cathode 

0.422 

265.0 

111.83 

3.19% 

DP2 

4.2.  Diffusion  Profile 

Advanced  diffusion  profiles  have  a  significant  impact  on  efficiency  because  the 
p-n  junction  is  one  of  the  main  components  of  a  solar  cell.  Each  profile  shown  in  Table  1 
was  processed  and  tested  using  12  individual  single-layer  solar  cells,  each  with  150nm  of 
aluminum  and  the  optimized  front  contact  pattern  shown  in  Figure  20.  Both  sides  and 


types  of  wafers  were  investigated;  the  results  are  shown  in  Table  4. 

Table  4.  Diffusion  Profile  Results 


Sample 

Front 

Profile 

Voltage  (V) 

Current  (mA) 

Pmax  (mW) 

Efficiency 

PI 

polished 

n-p 

0.311 

190.0 

59.09 

1.92% 

P2 

unpolished 

n-p 

0.083 

95.0 

7.89 

0.26% 

P3 

polished 

n-p-p+ 

0.412 

229.0 

94.35 

3.07% 

P4 

unpolished 

n-p-p+ 

0.481 

280.0 

134.68 

4.38% 

P5 

polished 

n-p-p++ 

0.459 

284.0 

130.36 

4.24% 

P6 

unpolished 

n-p-p++ 

0.499 

336.0 

167.66 

5.45% 

N1 

polished 

p-n 

0.022 

18.0 

0.40 

0.01% 

N2 

unpolished 

p-n 

0.014 

12.0 

0.17 

0.01% 

N3 

polished 

p-n-n+ 

0.331 

167.0 

55.28 

1.80% 

N4 

unpolished 

p-n-n+ 

0.333 

200.0 

66.60 

2.16% 

N5 

polished 

p-n-n++ 

0.440 

241.0 

106.04 

3.45% 

N6 

unpolished 

p-n-n++ 

0.414 

200.0 

82.80 

2.69% 
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4.3.  Front  Contact  Design 

The  initial  front  contact  for  this  research  was  created  based  on  a  previously 
optimized  finger  and  bus  design  [22],  However,  since  finger  and  bus  designs  experience 
current  crowding,  novel  designs  were  explored  based  on  improving  surface  area  coverage 
and  conduction  paths.  Four  layouts  were  fabricated  and  tested  on  the  unpolished  side  of  a 
single  p-type,  n-p-p+  doped  wafer  yielding  the  following  results. 


Table  5.  Front  Contact  Geometry  Comparison  Results 


Voltage:  0.526  V 
Current:  104.8  mA 


Power:  55.1  mW 


Efficiency:  6.25% 
Voltage:  0.535  V 
Current:  1 19.6  mA 


Power:  64.0  mW 


Efficiency:  7.25% 


Voltage:  0.508  V 
Current:  105.2  mA 


Power:  53.4  mW 


Efficiency:  6.06  % 
Voltage:  0.479  V 
Current:  93.4  mA 


Power:  44.7  mW 


Efficiency:  5.07% 


In  addition,  full-wafer  designs  (Figure  27)  were  fabricated  using  single-layer  solar 
cells  to  compare  the  different  geometries;  the  results  are  shown  in  Table  6. 


(a)  (b)  (c) 

Figure  27.  Full  3”  wafer  eontaet  patterns  fabricated  for  geometry  comparison  included  (a) 
a  standard  finger/bus  design  with  3.685%  coverage,  (b)  a  periodic  branching  design  with 
15.05%  coverage,  and  (c)  a  butterfly  pattern  with  4.285%  coverage. 
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Table  6.  Full  Wafer  Front  Contact  Comparison  Results 


Sample 

Profile 

Metal 

Voltage 

(V) 

Current 

(mA) 

P 

max 

(mW) 

Efficiency 

Finger 
and  Bus 

ny 

500nm  Ag 

0.443 

54.8 

24.28 

3.76% 

Periodic 

Branching 

ny 

500nm  Ag 

0.291 

33.7 

9.81 

1.52% 

Butterfly 

ny 

500nm  Ag 

0.443 

55.9 

24.76 

3.84% 

4.4.  Grating  Contact  Design 

The  grating  width  and  spacing  is  a  critical  aspect  for  HMJ-Si  solar  cells  because 
the  grating  will  not  produce  interference  patterns  without  proper  geometries.  In  order  to 
test  and  verify  the  interference  patterns  generated  by  the  various  grating  patterns, 
MATLAB®  and  Lumerical®  FDTD  simulation  were  completed  as  outlined  in  Section  3.4. 
The  most  accurate  MATLAB®  results  are  shown  below;  preliminary  interference  pattern 


results  are  included  in  Appendix  B. 


800  to  1  lOOnm  Waves;  -0.005  to  O.OOSrad  Til 


400um  Grating  |  900um  Spacing 


tniensity  after  3B5um 


20  Diffraction  Representation 


(a) 


(b) 


(c) 


Figure  28.  MATLAB®  plots  of  (a)  the  400/900pm  grating  matrix,  (b)  the  interference 
pattern  at  385pm,  and  (c)  an  intensity  representation  of  the  pattern.  The  simulated 
wavelengths  were  run  in  lOnm  increments;  the  tilts  were  run  in  O.OOlrad  increments. 
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Figure  29.  MATLAB®  plots  of  (a)  the  440/840pm  grating  matrix,  (b)  the  interference 
pattern  at  385pm,  and  (c)  an  intensity  representation  of  the  pattern.  The  simulated 
wavelengths  were  run  in  lOnm  increments;  the  tilts  were  run  in  0.001  rad  increments 


Although  both  designs  produced  interference  patterns,  the  Lumerical®  simulation 


was  performed  with  the  400/900pm  grating  design  due  to  its  higher  irradiance  throughput 


of  69.2%  (the  440/840pm  grating  is  65.6%);  the  results  are  shown  in  Figure  30. 


Figure  30.  Lumerical®  results  showing  (a)  the  far- field  projection  and  (b)  a  single-period  intensity 
plot  and  fringing  effects  from  a  plane  wave  propagated  385pm  through  the  400/900pm  grating. 
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4.5.  Optical  Loss  Reduction 

Higher  efficiencies  can  only  be  achieved  if  photon  absorption  is  increased.  Better 
absorption  was  investigated  in  this  research  by  testing  the  effects  of  surface  roughness, 
anti-reflection  coatings  (ARCs),  and  wafer  thickness  on  cell  performance. 

The  front  surface  of  a  solar  cell  plays  an  important  role  because  a  specular  surface 
reflects  photons  which  can  be  better  absorbed  with  a  diffuse  surface.  The  roughness  in 
this  research  was  tested  by  fabricating  multiple  solar  cells  with  both  the  unpolished  side 
and  polished  side  of  a  typical  silicon  wafer  as  the  front  of  the  cell  (Figure  31);  the  results 
are  shown  in  Table  4. 


Silicon  wafer  Undeveloped  Silicon  wafer 

after  developing  photoresist  after  developing 


(a)  (b) 


Figure  31.  Silicon  wafers  under  20x  magnification  showing  the  same  pattern  of  1818 
photoresist  after  being  developed  on  (a)  the  polished  side  of  a  wafer  and  (b)  the 
unpolished  side  of  a  wafer  which  provided  better  absorption  due  to  surface  roughness. 

Because  an  ARC  is  one  of  the  most  important  aspects  in  higher  photon 
absorption,  two  cells  were  fabricated  using  an  EBSF  diffusion  profde  and  ISOnm  of 
silver  for  the  front  contacts.  The  cells  were  tested  to  compare  their  performance  before 
and  after  depositing  lOOnm  of  SisNa;  the  results  are  shown  in  Table  7. 
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Table  7.  Initial  Anti-Reflection  Coating  Results 


Sample 

Front 

Si3N4 

Voltage  (V) 

Current  (mA) 

Pmax  (mW) 

Efficiency 

CA 

Unpolished 

none 

0.490 

108.2 

53.01 

2.62% 

CB 

Polished 

none 

0.459 

113.8 

52.22 

2.58% 

CA 

Unpolished 

lOOnm 

0.514 

129.8 

66.71 

3.29% 

CB 

Polished 

lOOnm 

0.499 

131.4 

65.57 

3.23% 

Finally,  to  characterize  how  ARC  thickness  affects  transmittance,  the  unpolished 
side  of  undoped  silicon  wafers  were  coated  with  four  distinct  thicknesses  of  Si3N4.  These 
cells  remained  unprocessed  in  order  to  isolate  the  absorption  of  irradiance  without  other 
parameters  interfering.  The  values  were  recorded  by  placing  the  cells  above  a 
pyranometer  that  records  intensity.  Any  ambient  light  was  blocked  by  the  wafer  holder  so 
that  the  measurements  represented  only  transmitted  irradiance;  the  results  are  shown  in 
Table  8. 


Table  8.  Effects  of  Wafer  and  Si3N4  Thickness  on  Transmittance 


Sample 

Wafer  Thickness 

Si3N4  Thickness 

Transmittance 

11 

360gm 

0 

87  WW 

168nm 

113  WW 

12 

180gm 

0 

125  WW 

lOOnm 

143  W/m^ 

13 

180gm 

0 

125  WW 

128nm 

147  WW 

14 

140gm 

0 

165  WW 

120nm 

187  WW 
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4.6.  Electrical  Loss  Reduction 


The  type  of  metal  affects  overall  efficiency  due  to  different  resistivity  (Table  2). 
Silver  and  aluminum  were  investigated  as  viable  solar  cell  contact  metals,  each  one  using 
titanium  as  an  adhesion  layer.  The  results  are  shown  in  Table  9  with  commercial  cell 
contacts  as  a  standard  reference  value. 


Table  9.  Effects  of  Metal  Type  and  Thickness  on  Resistance 


Sample 

Titanium 

Contact 

Thickness 

Contact 

Metal 

Total 

Thickness 

Measured 

Resistance 

Comm 

N/A 

lOjOOOnm 

Aluminum 

10,000nm 

0.9  Q 

A1 

lOnm 

150nm 

Aluminum 

160nm 

14.3  Q 

A2 

lOnm 

200nm 

Aluminum 

210nm 

13.1  Q 

SI 

lOnm 

150nm 

Silver 

160nm 

6.2  Q 

S2 

lOnm 

300nm 

Silver 

310nm 

4.2  Q 

S3 

50nm 

500nm 

Silver 

550nm 

2.3  Q 

Since  titanium  was  used  to  help  the  contact  metal  adhere  to  the  wafer,  annealing 
recipes  were  based  on  optimizing  its  interface  with  silicon.  The  cells  were  heated  to 
450°C  for  both  20  and  30  seconds  (Table  10).  The  temperature  was  selected  due  to  the 
melting  point  of  the  aluminum  being  660°C.  A  subsequent  RTA  trial  for  silver  was 
conducted  for  20  seconds  and,  since  silver  has  a  higher  melting  point  (961°C),  the 
temperatures  were  450°C  and  650°C.  The  results  are  shown  in  Table  10. 


Table  10.  Rapid  Thermal  Annealing  Results  for  Aluminum  and  Silver  Contacts 


Sample 

Metal 

Time 

Temperature 

Pre-RTA 

Resistance 

Post-RTA 

Resistance 

RTAl 

Aluminum 

20  sec 

450°C 

90  Q 

12.4  Q 

RTA2 

Aluminum 

30  sec 

450°C 

82  Q 

13.0  Q 

CA 

Silver 

20  sec 

450°C 

67  Q 

8.2  Q 

CB 

Silver 

20  sec 

650°C 

66  Q 

6.7  Q 
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4.7.  Thermal  Loss  Reduction 


The  air  gap  required  for  interferenee  pattern  formation  also  provided  thermal 
isolation  between  the  top  and  bottom  cells.  The  amount  of  cooling  offered  by  the  HMJ-Si 
architecture  was  tested  by  exposing  a  cell  to  incident  light  over  time  and  recording  the 
front  surface  and  the  air  gap  temperature;  the  results  are  shown  in  Figure  32. 


Elapsed  Time  (min) 

Figure  32.  Hybrid  multi-junction  architecture  surface  and  gap  thermal  readings  without 
forced  cooling.  Nominal  reduction  in  gap  temperature  is  1.7°C. 

Heat  dissipation  is  also  a  critical  component  of  temperature  reduction  in  solar 
cells.  The  amount  of  cooling  based  on  the  type  of  front  contact  pattern  and  amount  of 
surface  area  coverage  was  explored  in  two  portions  of  the  infrared  spectrum:  lOOOnm  to 
SOOOnm  and  7000nm  to  14000nm.  A  substrate  temperature  of  50°C  was  set  in  order  to 
compare  similar  responses  for  each  pattern  under  an  induced  thermal  environment;  the 
results  are  shown  below  in  Figure  33 — Figure  35. 
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(c)  (d) 

Figure  33.  Thermal  response  of  the  1000 — 5000nm  infrared  provided  average  readings  of 
(a)  37.5°C  for  the  incremented  spiral;  (b)  39.7°C  for  the  ring  lattice;  (c)  37.8°C  for  the 
periodic  branching;  and  (d)  40.3°C  for  the  standard  finger  and  bus  design.  Each  pattern 
represents  a  15.05%  surface  area  covered  by  metal. 
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Figure  34.  Thermal  response  of  the  7000 — 14000nm  infrared  provided  average  readings 
of  (a)  46.4°C  for  the  incremented  spiral;  (b)  46.3°C  for  the  ring  lattice;  (c)  43.2°C  for  the 
periodic  branching;  and  (d)  47.9°C  for  the  standard  finger  and  bus  design.  Each  pattern 
represents  a  15.05%  surface  area  covered  by  metal. 
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(b) 

Figure  35.  Thermal  response  of  the  optimized  standard  finger  and  bus  contact  geometry. 
Results  showed  (a)  47.8°C  average  in  the  1000 — 5000nm  infrared  region  and  (b)  46.3°C 
average  in  the  7000 — 14000nm  infrared  region. 
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4.8.  HMJ-Si  Efficiency 

Each  investigated  parameter  discussed  above  provided  an  individual 
characterization  that  is  not  representative  of  the  entire  architecture.  In  order  to  investigate 
the  trade-offs  and  overall  response  from  combining  these  parameters,  three  distinct 
architectural  configurations  were  tested.  Voltage  and  current  measurements  were  taken 
for  each  of  these  which  consisted  of  isolated  cells  (i.e.  top-only  measurements  while  in  an 
HMJ-Si  configuration),  complete  top  and  bottom  cell  architecture,  and  responses  from 
replacing  the  bottom  cell  with  a  polished  wafer  and  then  with  a  silver  mirror.  The  results 
are  shown  below  in  Table  1 1  and  characteristic  IV  curves  in  Figure  36  (for  cell  Tl)  and 
Figure  37  (for  cell  T2). 


Table  11.  Electrical  Response  of  the  HMJ-Si  Architecture 


Sample 

Voltage 

(V) 

Current 

(mA) 

P 

max 

(mW) 

Efficiency 

Tl 

Isolated 

0.446 

118.5 

52.85 

8.19% 

Tl 

Bottom 

0.332 

104.0 

34.53 

5.35% 

Tl 

Polished  Si 

0.437 

118.4 

51.74 

8.02% 

Tl 

Ag  Mirror 

0.440 

123.4 

54.30 

8.42% 

T2 

Isolated 

0.195 

66.9 

13.05 

2.02% 

T2 

Bottom 

0.151 

62.6 

9.45 

1.47% 

T2 

Polished  Si 

0.223 

71.9 

16.03 

2.49% 

T2 

Ag  Mirror 

0.269 

76.0 

20.44 

3.17% 
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Curent  (mA)  Curent  (mA) 


(a) 


(b) 


Figure  36.  Hybrid  multi-junction  silicon  (HMJ-Si)  IV  curves  for  sample  T1  in  (a)  isolated 
cell,  (b)  T1 /bottom  cell,  (c)  T1 /polished  silicon,  and  (d)  T1 /silver  mirror  configurations. 
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Curent  (mA)  Curent  (mA) 


Figure  37.  Flybrid  multi-junction  silicon  (FIMJ-Si)  IV  curves  for  sample  T2  in  (a)  isolated 
cell,  (b)  T2/bottom  cell,  (c)  T2/polished  silicon,  and  (d)  T2/silver  mirror  configurations. 


Summary 

The  purpose  of  this  ehapter  was  to  provide  the  data  and  results  obtained  during 
this  research.  The  information  in  this  chapter  was  divided  into  sections  that  matched  the 
parameters  identified  in  Sections  3.3.1 — 3.3.8. 
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V.  Analysis 


Chapter  Overview 

The  purpose  of  this  chapter  is  to  interpret  and  understand  the  results  from  Chapter 
4.  The  information  in  this  chapter  is  divided  into  sections  that  match  the  parameters 
identified  in  Sections  4.1 — 4.8. 

5.1.  Wafer  Configuration 

Using  grating  contacts  for  both  the  front  and  rear  (in  lieu  of  bus/fmger  and  solid 
rear  contacts)  allowed  each  wafer  to  function  as  either  a  top  cell  or  a  bottom  cell.  This 
technique  enabled  multiple  HMJ-Si  configurations  using  the  same  cells  which  eliminated 
process  variation  errors.  The  data  was  collected  using  a  dedicated  meter  for  the  voltage 
and  another  for  the  current  so  that  the  total  output  power  could  be  calculated. 

Single-layer  silicon  solar  cells  are  typically  connected  in  series  configuration  with 
each  diode  orientation  being  the  same;  the  cathode  of  one  cell  is  connected  to  the  anode 
of  the  next  cell.  This  enables  an  increase  in  voltage  for  higher  power  delivery  and  a 
unidirectional  current  flow.  However,  since  the  HMJ-Si  architecture  has  more  than  one 
wafer  in  each  cell,  their  type  and  orientation  played  an  important  role  in  overall 
performance  and  integration. 

The  results  identified  in  Table  3  indicated  that  the  worst-performing  HMJ-Si 
orientation  (2.93%  efficiency)  was  the  unidirectional  configuration  commonly  used  in 
single-layer  solar  cell  panels.  The  reduced  efficiency  in  this  case  was  due  to  poor  current 
matching.  When  current  matching  is  not  considered  for  solar  cells  connected  in  series,  the 
total  current  output  is  limited  by  the  lowest  performing  cell. 
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For  example,  if  Cell  A  produces  75mA  and  Cell  B  produces  60mA,  the  overall 
series-connected  current  output  is  only  60niA  (Figure  38).  This  phenomenon  affected 
HMJ-Si  development  because  the  bottom  cell  received  less  light  than  the  top  cell  and 
therefore  produced  less  photocurrent. 


i 


60mA 


(a) 


(b) 


Figure  38.  Circuit  examples  indicating  (a)  the  choking  effect  of  poor  current  matching 
and  (b)  the  additive  result  from  parallel  current  sources.  Both  cases  were  studied  during 
the  HMJ-Si  wafer  configuration  research. 


A  parallel-connected  architecture  avoided  the  need  for  current  matching  by 
providing  an  additive  current  path  achieved  by  using  differently  doped  wafers  for  the  top 
and  bottom  cells.  Table  3  shows  that  having  an  n-type  top  cell  and  a  p-type  bottom  cell 
produced  3.19%  efficiency;  an  even  higher  increase  in  efficiency  (~3.66%)  resulted  from 
the  configuration  with  a  p-type  top  cell  and  n-type  bottom  cell.  Both  configurations  were 
able  to  produce  higher  efficiencies  because  their  photocurrents  were  additive. 

The  best  performing  orientation  was  the  p-type  top  cell  and  n-type  bottom  cell 
because  electron  mobility  is  about  three  times  greater  than  hole  mobility  (see  Section 
2.2.1).  When  the  top  cell  is  n-type,  the  majority  of  the  wafer  has  excess  electrons.  This 
means  that  free  electrons  traveled  roughly  355pm  very  quickly  while  the  holes  only 
needed  to  travel  the  2pm  of  the  junction  depth  (Figure  39).  However,  this  configuration 
also  meant  that  the  p-type  bottom  cell  holes  needed  to  travel  through  355pm  of  silicon.  A 
longer  distance  and  slower  hole  mobility  was  compounded  even  further  by  the  fact  that 
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Figure  39.  HMJ-Si  cross  sectional  representations  identifying  electron  and  hole  travel 
distances.  The  p-type  bottom  cell  configuration  shown  in  (a)  suffers  from  low  hole 
mobility  and  fewer  freed  holes  that  must  travel  through  375  pm  whereas  the  n-type 
bottom  cell  configuration  shown  in  (b)  produces  better  efficiency  since  electrons  can 
travel  the  same  distance  three  times  as  fast. 


there  was  less  irradiance  in  the  bottom  cell.  The  lower  irradiance  freed  fewer  electrons 


and  holes  which  yielded  a  limited  efficiency  for  this  configuration.  Alternatively,  a  p-type 
top  cell  and  n-type  bottom  cell  reduced  this  limitation.  Since  a  higher  amount  of 
irradiance  was  now  incident  in  the  p-type  cell,  more  energy  was  available  to  free 
electrons  and  holes.  Thus,  even  though  holes  were  moving  slower  across  the  longer 
distance,  more  were  available  for  photocurrent.  In  addition,  the  n-type  bottom  cell 
operated  more  efficiently  than  its  p-type  counterpart  because  its  holes  only  needed  to 
cross  2pm  while  its  electrons  quickly  traveled  the  longer  distance  through  silicon. 


The  optimal  configuration  for  the  HMJ-Si  architecture  was  achieved  by 
using  an  extrinsic  p-type  silicon  wafer  for  the  top  cell  and  n-type  extrinsic 
silicon  wafer  for  the  bottom  cell. 
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5.2.  Diffusion  Profile 


The  behavior  of  photoeurrent  is  direetly  related  to  the  diffusion  profile  and 
differences  in  electron  and  hole  concentration  at  each  junction.  An  ideal  solar  cell  would 
collect  every  free  electron  so  they  can  be  used  in  an  external  circuit.  In  order  to  approach 
this  level  of  functionality,  recombination  must  be  avoided.  An  advanced  diffusion  profile 
that  has  subsequent  dopant  layers  at  the  rear  of  the  cell  (the  EBSF)  was  developed  to 
reduce  recombination  better  than  existing  BSF  processing  (Figure  40).  The  EBSF  profile 
was  fabricated,  tested,  and  compared  to  simple  junction  and  BSF  solar  cells  to  observe 
their  impact  on  efficiency. 
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Figure  40.  Representations  of  (a)  standard  n-p  diffusion,  (b)  back  surface  field  (BSF) 
diffusion,  and  (c)  enhanced  back  surface  field  (EBSF)  diffusion.  The  BSF  and  EBSF 
prevent  rear-side  recombination  by  redirecting  electrons  toward  the  primary  n-p  junction. 

These  profiles  were  tested  using  the  samples  annotated  in  Table  4.  The  simple 
junction  cells  produced  measureable  results,  but  they  were  very  low  (barely  0.01%)  with 
one  exception:  the  PI  sample  produced  1.92%  efficiency.  This  anomaly  was  considered  a 
data  point  exception  and  excluded  from  analysis.  The  higher  percentage  seen  in  this 
particular  cell  can  be  attributed  to  a  variety  of  factors  that  may  include  extrinsic 
concentration,  dopant  source  uniformity,  wafer  thickness,  annealing,  and  other  processing 
variations.  The  remainder  of  the  samples  showed  consistent  results  so  the  analysis  was 
based  on  their  performance. 
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The  BSF  cells  provided  a  significant  improvement  over  the  simple  junction  cells. 
The  p-type  cells  P3  and  P4  showed  higher  efficiency  (3. 1-4.4%)  than  the  similarly  doped 
n-type  cells  N3  and  N4  (1.8-2. 2%).  The  lower  efficiency  of  the  n-type  cells  was  due  to 
the  type  of  dopant  atoms  used  during  diffusion.  Using  boron  to  dope  n-type  wafers 
created  surface  defects  in  the  silicon  similar  to  broken  ice  across  a  frozen  lake.  These 
defects  are  formed  in  a  boron-silicon  layer  that  requires  an  additional  low-temperature 
oxidation  step  [77].  This  helps  remove  defects  by  “pulling”  them  into  a  thin  layer  of  glass 
grown  on  the  surface  of  the  silicon  which  is  removed  during  deglazing.  However,  this 
processing  step  was  not  performed  for  the  samples  used  in  this  study;  the  result  was  poor 
efficiency  due  to  a  reduction  in  both  photon  absorption  and  surface  passivation. 

Despite  these  defects,  the  novel  EBSF  profile  produced  the  highest  efficiency  in 
the  p-type  cells  P5  and  P6  (4.2-5.45%)  and  the  n-type  cells  N5  and  N6  (2. 7-3. 5%).  In 
each  pair  of  test  cells,  the  unpolished  wafers  produced  higher  efficiencies  than  their 
similarly-doped  polished- front  counterparts.  The  best  performing  cell — P6 — was  the  p- 
type  wafer  with  the  EBSF  n-p-p-i-+  profile  using  the  unpolished  side  of  the  wafer.  This 
result  corresponds  with  the  wafer  diode  orientation  results  from  Section  4.1  that 
identified  unpolished  p-type  wafers  as  an  optimal  top  cell  for  the  HMJ-Si  architecture. 

The  most  efficient  diffusion  profile  was  the  n-p-p++  enhanced  back 
surface  field  (EBSF)  using  an  unpolished-front,  p-type  wafer. 
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5.3.  Front  Contact  Design 

By  fabricating  four  test  geometries  onto  a  single  wafer,  the  responses  of  eaeh 
design  could  be  aceurately  compared.  Eaeh  of  the  designs  covered  15.05%  of  their 
respeetive  quadrant,  had  the  same  doping  profile,  and  a  uniform  metal  thiekness  of 
150nm  of  aluminum.  Thus,  the  performanee  of  each  design  was  isolated  to  its  geometry. 

The  standard  finger  and  bus  design,  which  was  used  as  a  baseline  comparison 
model,  produeed  5.07%  effieieney.  The  remaining  designs  were  measured  against  this 
value.  The  ring  lattiee  produced  a  higher  effieieney,  reaehing  6.06%.  The  design  was 
based  on  point-souree  rings  that  colleeted  and  transmitted  photocurrent  quiekly  to  the 
main  bus.  The  design  appears  to  have  less  metal  eoverage  than  15%,  which  means  that 
photons  were  absorbed  in  higher  coneentrations  at  intervals  matehing  the  ring  locations 
(Figure  21b).  This  grouped-absorption  method  colleeted  more  photons  and  generated 
more  photocurrent,  105.2mA.  The  freed  electrons  were  eolleeted  by  the  rings  and 
eonducted  to  the  main  bus  without  experiencing  current  erowding. 

The  incremented  spiral  produced  a  slightly  higher  effieieney  of  6.25%.  This 
increase  was  primarily  eaused  by  the  laek  of  eurrent  erowding  and  surfaee  area  eoverage. 
However,  beeause  the  photoeurrent  was  restrieted  to  a  single  path,  the  overall  eurrent  was 
limited  as  observed  by  a  measurement  of  104.8mA.  This  design  only  achieved  a  higher 
effieieney  than  the  ring  lattiee  because  it  had  a  higher  voltage  drop  aeross  its  p-n  junetion 
and  although  it  showed  improvement  over  the  baseline,  it  fell  short  of  the  best  performing 
eontact  design — ^the  periodie  branching — ^which  achieved  just  over  7%  effieieney. 

The  design  considerations  of  surface  area  eoverage  and  decreased  eurrent 
erowding  drove  one  pattern  to  take  shape  like  the  branches  of  a  tree.  This  design. 
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opposite  of  the  ring  lattice,  appears  to  cover  more  surface  area  than  the  baseline. 
Therefore,  the  layout  had  optimally-placed  metal  contacts  that  were  able  to  collect  free 
electrons  in  a  pattern  that  covered  the  wafer  more  uniformly.  In  addition,  the  branching 
structure  enabled  current  to  collect  without  encountering  any  choke  points  or  crowding, 
which  is  why  the  current  response  was  the  highest  of  all  the  samples  tested,  at  1 19.6mA. 

Based  on  these  results,  a  full-wafer  mask  was  created  using  the  periodic 
branching  layout.  This  full  design  was  compared  with  the  standard  design  shown  in 
Figure  20  and  the  highly  transmissive  butterfly  design  shown  in  Figure  22.  Although  the 
periodic  branching  had  the  highest  efficiency  during  the  front  contact  study,  covering  a 
full  wafer  with  this  pattern  limited  the  amount  of  absorption  and  produced  just  1.5% 
efficiency;  the  increase  from  removing  current  crowding  was  not  enough  to  overcome  the 
irradiance  losses.  The  full-contact  finger  and  bus  pattern  was  3.76%  efficient,  offering  a 
significant  increase  over  the  periodic  branching,  but  it  did  not  perform  as  well  as  the  full- 
contact  butterfly  design.  By  avoiding  90°  bends  in  the  conductor  path  and  covering  only 
4.285%  of  the  surface  area,  the  butterfly  contact  achieved  the  best  result,  reaching  an 
efficiency  of  3.84%. 

The  most  efficient  front  contact  design  was  the  highly-transmissive 
butterfly  geometry  based  on  combining  the  photon-electron  ratio  of  1:6 
with  the  30%  S-Q  efficiency  limit. 
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5.4.  Grating  Contact  Design 

Initial  trials  showed  that  gratings  produce  interference  patterns.  The  masking 
matrix  produced  high-aspect  patterns  capable  of  being  exploited  for  contact  placement. 
The  results  had  clear  and  periodic  patterns,  but  follow-on  modeling  that  incorporated 
plane  wave  tilts  altered  the  patterns.  However,  two  grating  geometries  did  produce  viable 
patterns;  the  best  being  400/900pm  grating  with  an  associated  throughput  of  69.2%. 

The  Lumerical®  simulation  predicted  an  interference  pattern  that  more  closely 
resembles  recurring  shadow  bands.  There  were  only  slight  fringing  effects  (intensity 
spikes)  near  the  edges  of  the  grating  and  had  a  negligible  effect  on  the  overall  pattern. 
Thus,  the  diffractive  nature  of  light  was  not  a  factor  in  the  resulting  light  wave 
propagation.  The  shadow  bands  still  eliminated  reflection,  but  there  wasn’t  any 
noticeable  constructive  interference  (higher  intensities)  observed.  In  order  for  a  more 
effective  interference  pattern  within  the  HMJ-Si  architecture,  grating  dimensions  need  to 
be  scaled  to  the  wavelength  of  interest  (e.g.  1pm). 

The  bottom  cell’s  front  contacts  were  designed  to  match  the  periodicity  of  the 
400/900pm  grating.  The  widths  were  selected  to  be  200pm  wide  (which  resulted  in 
1 100pm  spacing)  so  that  the  conduction  paths  were  adequate  for  photocurrent  collection 
while  allowing  small  variances  during  processing  and  alignment. 

The  optimal  top  cell  grating  contacts  had  69.2%  throughput  and  were 
400pm  wide  spaced  900pm  apart.  The  corresponding  bottom  cell  grating 
contacts  were  200pm  wide  spaced  1100pm  apart. 
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5.5.  Optical  Loss  Reduction 

The  front  cell  surface  significantly  impacted  how  light  was  absorbed.  The  diffuse 
surface  provided  higher  efficiency  in  each  case  except  for  two:  a  fabrication  anomaly 
(Table  4:  PI)  and  an  n-type  EBSF  cell  (Table  4:  N5).  These  results  can  be  attributed  to 
fabrication  and  processing  variances  and  do  not  alter  the  overall  observations.  The  diffuse 
surface  provided  better  photon  absorption  (Table  4,  Figure  7)  for  two  reasons.  First, 
reflection  was  reduced  because  surface  roughness  had  fewer  planes  that  photons 
encountered  at  90°.  Oblique  angles  of  incidence  helped  redirect  light  into  the  cell  via 
refraction.  The  second  reason  was  the  additional  opportunity  reflected  light  had  for 
absorption  when  it  was  reflected  into  an  adjacent  surface  peak  (see  Section  2.6.1). 

ARC  provided  an  additional  enhancement.  Although  these  coatings  are  used  in 
commercial  cells,  they  are  applied  in  thicknesses  that  optimize  absorption  at  600nm  [14]. 
Since  HMJ-Si  cells  are  focused  on  collecting  800-1  lOOnm,  different  thicknesses  were 
investigated.  Absorption  increased  between  15%  and  30%  for  each  sample  after  adding 
Si3N4  (Table  8).  However,  the  30%  increase  absorbed  more  infrared  wavelengths  (around 
1277nm),  which  is  unwanted  heat  and  outside  of  the  desired  bandwidth.  The  next  highest 
improvement — 17.6% — ^was  achieved  with  128nm  of  Si3N4.  This  thickness  corresponds 
to  a  wavelength  of  973nm  and  is  near  the  center  (950nm)  of  the  HMJ-Si  bandwidth. 

Optical  losses  are  minimized  in  HMJ-Si  solar  eells  by  applying  128nm  of 

Si3N4  onto  an  unpolished-front  top  cell. 
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5.6.  Electrical  Loss  Reduction 


Transporting  freed  electrons  to  an  external  circuit  is  accomplished  by  the  front 
and  rear  contacts.  These  contacts,  which  interface  with  the  silicon  as  well  as  the  external 
circuit,  need  to  be  large  enough  to  encourage  current  flow.  This  was  accomplished  by 
increasing  the  contact  thickness  and  improving  the  interface  between  the  metal  and  the 
silicon. 

As  the  thickness  of  the  metal  was  increased,  the  resistivity  decreased.  This  is 
evident  in  the  results  shown  in  Table  9  where  the  measured  resistance  dropped  down  to 
as  low  as  2.3Q.  However,  the  thickness  of  the  metal  isn’t  the  only  reason  for  the  lower 
resistance;  the  type  of  metal  also  had  an  impact.  Different  metals  are  composed  of 
different  atom  structures  and  although  they  are  all  conductors,  they  each  conduct  at 
distinct  “speeds”.  Conductivity — the  reciprocal  of  resistivity — is  a  property  specific  to 
each  material  and  is  a  measure  of  how  easily  it  can  transport  electrons.  Since  silver  has  a 
higher  conductivity,  it  performed  much  better  (6.2Q)  than  the  similarly-shaped  aluminum 
(14.3  f2).  In  addition,  using  titanium  impacted  contact  resistance  since  it  is  a  poor 
conductor;  its  resistivity  15  times  higher  than  aluminum.  Therefore,  in  order  to  keep  the 
resistance  low,  the  titanium  layers  were  limited  to  50nm. 

The  interface  between  titanium  and  silicon  is  also  important  since  a  poor  contact 
can  result  in  high  resistance.  An  ohmic  contact  that  has  low  resistance  is  typically  created 
using  an  RTA  process.  This  research  focused  on  the  formation  of  titanium  silicide 
through  the  three  RTA  recipes  shown  in  Table  10.  There  was  no  significant  difference 
between  the  annealing  times  of  20  and  30  seconds  for  the  aluminum  contacts,  indicating 
that  there  is  no  benefit  in  keeping  the  samples  at  450°C  longer  than  20  seconds. 
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Based  on  this  data,  silver  contacts  were  studied  using  RTA  times  of  20  seconds. 
The  runs  tested  both  450°C  and  650°C  since  silver  has  a  higher  melting  point  (961°C) 
than  aluminum  (660°C).  The  higher  temperature — 650°C — ^provided  the  best 
improvement  and  resulted  in  a  90%  reduction  in  contact  resistance.  This  can  be  attributed 
to  the  enhanced  formation  of  titanium  silicide  at  higher  temperatures  and  the  resulting 
creation  of  a  better  ohmic  contact. 

Electrical  losses  are  minimized  in  solar  cells  by  using  contacts  that  are  a 
metal  composition  of  50nm  titanium  and  500nm  silver  which  have  been 
rapidly  thermal  annealed  at  650°C  for  20  seconds. 
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5.7.  Thermal  Loss  Reduction 


Reducing  the  thermal  rise  for  solar  cells  is  a  vital  part  of  efficient  operation. 
Unlike  typical  solar  cells,  HMJ-Si  cells  have  an  isolating  air  gap  between  the  cells  that 
lowers  internal  heat.  This  air  gap,  although  primarily  used  for  interference  pattern 
formation,  helps  reduce  the  heat  reaching  the  bottom  cell  by  =;1.7°C  (Figure  32).  This 
reduction  may  not  be  significant  for  terrestrial  applications,  but  can  greatly  impact  the 
operation  of  solar  panels  on  satellites  where  any  thermal  expansion  can  be  catastrophic. 
These  results  verify  that  without  any  forced  convection  the  air  gap  does  provide  a  thermal 
differential  between  the  two  cells. 

Dissipating  the  heat  that  is  present  in  solar  cells  (since  it  cannot  be  removed 
completely)  is  another  design  parameter  that  can  help  increase  the  power  density  for  solar 
cells.  This  can  be  accomplished  by  the  front  contact  design,  which  is  exposed  to  the 
environment  and  can  benefit  from  conventional  forced-convection  cooling  systems.  The 
front  contacts  that  were  designed  to  enhance  photon  absorption  also  contributed  to  the 
thermal  characteristics  of  the  cell.  Each  pattern  was  examined  to  see  which  geometry 
offered  the  best  thermal  reduction  in  both  the  1 000-5 OOOnm  and  7000-14000nm  range. 

For  the  1000-5000nm  range  (Figure  33),  the  highest  average  temperature 
observed  was  the  standard  finger  and  bus  contact  at  40.3°C.  Even  though  this  pattern  had 
the  same  amount  of  metal  on  the  surface  as  the  others,  it  was  poor  at  dissipating  heat.  The 
best  patterns  were  the  incremented  spiral  and  the  periodic  branching  with  temperatures  of 
37.5°C  and  37.8°C,  respectively.  These  contacts  were  able  to  reduce  heat  due  to  the 
design  of  the  pattern  and  were  more  effective  than  the  ring  lattice  which  showed  39.7°C. 
The  lack  of  current  crowding  in  each  of  these  contributed  to  lower  thermal  readings  and 
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identified  that  standard  finger  and  bus  contacts  are  not  optimized  for  thermal 
management. 

The  7000-14000nm  range  had  similar  results  (Figure  34),  with  the  finger  and  bus 
pattern  having  the  highest  temperature  of  47.9°C.  These  results  further  support  the  impact 
of  current  crowding  and  pattern  design  on  the  thermal  response  of  solar  cells.  The  lowest 
temperature  for  this  range  was  the  periodic  branching,  which  maintained  an  average  of 
43.2°C.  This  design  not  only  helped  with  current  flow,  but  clearly  dissipated  higher 
wavelengths  of  heat  more  efficiently  than  both  the  incremented  spiral  and  ring  lattice 
designs  (46.4°C  and  46.3°C,  respectively). 

Averaging  temperatures  for  both  of  these  ranges  identified  the  pattern  that  had  the 
most  efficient  total  heat  dissipation  (THD);  the  periodic  branching  at  -9.5°C.  The  ring 
lattice  design  was  intended  to  reduce  current  crowding,  but  a  THD  of  -7.0°C  identified 
this  design  does  not  operate  as  intended;  current  pooled  up  at  the  junctions  and  created 
hot  spots  that  were  counterproductive  to  heat  dissipation.  The  incremented  spiral 
managed  a  THD  of  -8.0°C,  which  was  due  to  the  set  distances  between  the  contacts  and 
its  increasing  thickness.  Finally,  the  standard  finger  and  bus  had  a  THD  of  only  -5.9°C. 

However,  these  tests  only  identified  which  front  contact  pattern  design  covering 
15.05%  of  the  surface  was  the  most  efficient.  Since  metal  conducts  and  dissipates  heat 
more  quickly  than  silicon,  additional  tests  were  performed  to  see  how  much  average  heat 
a  standard,  full-wafer  contact  pattern  experienced  (Figure  35).  Tests  for  this  pattern  were 
also  run  for  both  wavelength  ranges,  resulting  in  a  THD  of  -2.9°C. 

The  lower  THDs  identified  that  a  larger  amount  of  surface  area  metal  helps  keep 
solar  cells  cooler.  However,  there  are  trade-offs  in  each  case  because  in  order  for  the 
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amount  of  surface  area  covered  by  metal  to  enhance  efficiency,  the  gains  from  heat 
dissipation  must  be  greater  than  the  losses  from  photon  reflection.  Therefore,  further 
investigation  is  required  to  characterize  the  effect  on  efficiency  due  to  the  relationship 
between  surface  area  coverage,  heat  dissipation,  and  photon  absorption. 

The  bottom  cell  of  the  HMJ-Si  architecture  exhibits  a  temperature 
approximately  1.7°C  below  the  top  cell.  The  contact  pattern  that 
dissipated  the  most  heat  was  the  periodic  branching  pattern  with  a  total 
heat  dissipation  (THD)  of  -9.5°C. 
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5.8.  HMJ-Si  Efficiency 

Although  the  above  parameters  were  optimized  individually,  they  do  not  support  a 
full  eharacterization  of  the  arehiteeture.  Combining  the  best  result  from  each  study  was 
the  only  way  to  identify  the  resulting  trade-offs  and  determine  the  overall  viability  of  the 
HMJ-Si  solar  cell. 

The  most  significant  observation  was  how  the  voltage  was  affected  by  connecting 
the  cells  in  parallel,  which  was  done  to  avoid  the  limitations  imposed  by  poor  current 
matching.  Having  voltage  sources  in  parallel  is  atypical  in  electronic  circuits  due  to  back- 
feeding  and  possible  over-charging.  The  higher  voltage  feeds  the  lower  voltage  source 
and  degrades  the  circuit  power.  HMJ-Si  solar  cells  operate  differently  in  that  one  cell 
doesn’t  charge  the  other,  but  the  overall  voltage  suffers  from  a  type  of  “voltage-splitting” 
which  reduced  the  overall  performance  to  =i0.335V.  This  phenomenon  had  the  largest 
impact  on  limiting  efficiency — evident  in  the  T1 /Bottom  and  T2/Bottom  configurations 
in  Table  1 1 — because  the  combined  current  wasn’t  high  enough  to  overcome  the  decrease 
in  voltage.  The  reason  for  the  limited  overall  current  was  the  bottom  cell  received  less 
light  and  barely  contributed  to  the  overall  current.  This  observation  led  to  the 
investigation  of  three  alternatives:  a  thinner  top  cell,  a  polished  silicon  wafer  as  the 
bottom  cell,  and  a  silver-coated  (mirror)  wafer  as  the  bottom  cell. 

These  configurations  were  tested  as  shown  in  Table  1 1  with  the  corresponding  IV 
curves  shown  in  Figure  36  and  Figure  37.  The  thinner  wafers,  which  incorporated  a  Si3N4 
ARC  coating,  showed  the  highest  efficiencies.  Sample  T1  reached  8.2%  due  to  the 
combination  of  thicker  metal,  ARC,  wafer  thickness,  and  EBSF  doping  profile.  The 
efficiency  increased  to  8.42%  when  a  silver  mirror  was  used  as  the  bottom  cell  to  negate 
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voltage  degradation  effects.  Using  a  mirror  as  the  bottom  cell  reflected  photons  back  into 
the  top  cell  where  they  contributed  to  photocurrent.  This  reflected  absorption  was  assisted 
by  the  EBSF  diffusion  profile  reducing  recombination. 

Sample  T2  did  not  perform  as  well  because  the  voltage  and  current  responses 
within  the  cell  were  poor.  Variations  in  the  type  of  wafer  and  the  fabrication  process  can 
account  for  the  decrease  in  performance  between  the  two  thinner  wafers  (T1  and  T2). 
Although  this  cell  barely  reached  2%  efficiency  in  isolated  measurements,  it  responded 
similarly  to  sample  T1  when  replacing  the  bottom  cell  with  a  mirror,  reaching  3.17%. 

Using  an  undoped  polished  silicon  wafer  as  the  mirror  also  provided  higher 
efficiencies  over  the  isolated  cells,  but  the  surface  of  the  cell  was  not  reflective  enough  to 
contribute  to  photocurrent  as  much  as  the  silver  mirror.  These  configurations  provided 
inconsistent  results  between  the  two  cells,  lowering  the  performance  of  sample  T1  and 
increasing  the  performance  of  sample  T2.  Additionally,  since  a  silicon  wafer  as  the 
bottom  cell  absorbed  a  portion  of  the  incident  light,  it  was  not  considered  a  viable 
alternative. 

The  IV  curves  (Figure  36,  Figure  37)  indicated  that  the  fabrication  process  and 
parameters  were  not  optimized  for  integration  because  the  curves  aren’t  square.  However, 
they  did  provide  information  about  the  response  of  each  configuration.  The  MATLAB® 
code  used  to  generate  the  plots  also  ran  an  internal  algorithm  to  locate  Mpp  and  calculate 
the  fill  factor  (see  Appendix  A.2).  The  isolated  cell  measurements  provided  a  baseline  for 
the  other  configurations  to  be  measured  against.  For  sample  Tl,  the  fill  factor  decreased 
when  the  bottom  cell  was  included  in  the  circuit.  This  was  a  result  of  the  previously 
mentioned  voltage  degradation.  With  the  silver  mirror  as  the  bottom  cell,  the  fill  factor 
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was  near  its  original  value  of  =;0.40.  These  results  indicate  that  fill  factor  is  affected  by 
the  type  of  configuration. 

However,  sample  T2  produce  different  results,  maintaining  a  fairly  consistent  fill 
factor  of  -0.33.  The  poor  performance  of  the  top  cell  when  isolated  reduced  the  fidelity 
of  the  other  configurations  resulting  in  each  one  having  a  smaller  impact  on  performance. 
Since  the  disparity  between  the  readings  wasn’t  large  enough  to  discount  measurement, 
instrumentation,  and  environmental  errors,  the  results  from  sample  T2  can  not  accurately 
represent  the  full  response  of  the  architecture.  Therefore,  HMJ-Si  solar  cell 
characterization  was  based  on  sample  Tl. 

The  HMJ-Si  architecture  experienced  enhanced  light  trapping  and  the 
highest  efficiency  from  using  an  undoped  silver-coated  wafer  as  the 
bottom  cell. 

Summary 

The  purpose  of  this  chapter  was  to  interpret  and  understand  the  results  from 
Chapter  4.  The  information  in  this  chapter  was  divided  into  sections  that  match  the 
parameters  identified  in  Sections  4.1 — 4.8. 
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VI.  Conclusions  and  Recommendations 


Chapter  Overview 

This  chapter  concludes  the  above  research  by  identifying  the  overall  observations 
and  presenting  recommendations  for  future  research  related  to  this  work. 

6.1.  Observations 

The  effieiency  gains  from  reflecting  light  back  into  the  top  cell  proved  that  the 
HMJ-Si  arehitecture  employed  a  suceessful  light  trapping  technique.  The  overall 
efficieney  ratings  aren’t  as  high  as  eommereial  cells — ^typically  around  16% — due  to  a  set 
of  material  and  proeess  variables.  First,  the  doping  profile  was  ineonsistent  from  wafer  to 
wafer.  Having  an  exaet  recipe  that  provides  a  voltage  drop  and  eleetron  behavior  in 
accordance  with  the  design  intent  is  paramount  to  obtaining  higher  efficieneies.  These 
inaccurate  diffusion  profiles  produeed  lower  than  expected  voltage  drops  which 
significantly  impacted  efficieney.  The  performance  was  deereased  even  further  from  the 
voltage  degradation  imposed  by  the  parallel-eonnected  top  and  bottom  eells. 

In  addition,  the  amount  of  photoeurrent  generated  was  limited  by  the  metal 
eontact  thiekness.  Although  the  investigated  thieknesses  showed  lower  resistance,  they 
were  still  at  least  20  times  thinner  than  eommereial  solar  eell  contaets  (Table  9)  and 
imposed  a  resistance  to  eleetron  flow.  Other  factors  contributing  to  lower  effieiencies 
inelude  grating  contact  alignment  errors,  wafer  ineonsisteney,  wafer  thickness,  ARC 
uniformity,  and  measurement  equipment  limitations.  The  HMJ-Si  architeeture  is  capable 
of  generating  higher  efficieneies  as  indieated  in  Section  5.8,  assuming  a  refined 
fabrication  process  that  removes  variations  and  errors.  The  architecture  responds  as 
expected,  allowing  light  to  propagate  through  the  top  eell  for  an  additional  opportunity 
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for  absorption.  However,  eliminating  the  voltage  degradation  is  critical  and  requires  a 
contact  redesign  that  incorporates  a  series-configured  parallel-cell  layout  or  an  alternative 
diffusion  profile  (Section  6.2).  Although  future  designs  will  provide  a  more  thorough 
understanding  of  the  potential  efficiency  increases  inherent  in  the  HMJ-Si  architecture, 
efficiency  gains  were  seen  throughout  this  research  (Figure  41). 

9 


ri(%) 


InitialHMJ  ARC  Study  Diode  Diffusion  Front  Contact  Final  Wafers 

Orientation  Study  Study 

Figure  41.  Maximum  efficiency  (rj)  ranges  achieved  during  HMJ-Si  development;  the 
highest  maximum  efficiency  for  each  parameter  is  identified  at  the  top  of  its  respective 
range. 
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6.2.  Future  Considerations  and  Recommendations 


Further  investigation  is  required  to  exact  a  highly-efficient  HMJ-Si  architecture 
viable  for  commercial  or  military  implementation.  Furthermore,  additional  ideas  and 
design  considerations  were  uncovered  during  this  research  which  should  also  be 
explored. 

Advanced  diffusion  profile  analysis  that  identifies  the  best-performing  junction 
depth  to  within  lOOnm  will  be  beneficial  for  both  the  primary  depleted  region  and  EBSF 
characterization.  An  alternative  diffusion  profile  was  conceived  with  enhanced 
performance  through  the  inclusion  of  localized  secondary  depleted  regions  (Figure  42). 
The  intent  of  this  profile  is  to  simultaneously  increase  photon  absorption  and  decrease 
recombination  through  the  addition  of  rear-side  p-n  junctions.  These  localized 
homojunction  depleted-region  arrays,  in  conjunction  with  BSF  doping,  will  offer 
opportunities  for  both  transmitted  photons  and  reflected  photons  to  be  absorbed  within 
the  HMJ-Si  structure. 


Front  contacts 


n-doped 

Localized 

p-type  Si 

p-doped 
(p^)  welh 

p-n  junction 

n-doped 

welL 

Rear  grating  contacts 


Figure  42.  Cross-sectional  view  of  a  proposed  HMJ-Si  top  cell  with  advanced  diffusion 
profile.  Localized  homojunction  depleted  region  arrays,  which  are  additional  p-n 
junctions  at  the  rear  of  the  cell,  should  increase  efficiency  through  enhanced  absorption 
of  both  incident  photons  and  bottom-cell  reflected  photons. 

An  alternative  approach  that  avoids  the  voltage  degradation  apparent  in  the  HMJ- 
Si  architecture  relies  on  how  the  cells  are  connected.  By  connecting  an  array  of  top  cells 
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and  an  array  of  bottom  cells  independently,  the  efficiency  can  be  enhanced  without 
increasing  the  complexity  processing.  This  design  parameter  should  also  be  studied, 
which  would  require  a  redesign  of  the  inner  contact  to  encourage  more  light  to  propagate 
into  the  bottom  cell  for  higher  efficiencies,  maybe  even  using  thin- film  technology  in  lieu 
of  the  standard  silicon  wafer  as  the  top  cell. 

Another  consideration  is  the  air  gap  distance  and  grating  pattern.  The  grating 
patterns  designed  and  modeled  in  this  research  produced  shadow-band  interference 
patterns.  In  order  to  exploit  a  high-aspect  ratio  interference  pattern,  the  width  of  the 
spaces  between  the  gratings  should  be  roughly  the  same  order  of  magnitude  as  the 
incident  wavelength.  Thus,  a  spacing  of  1pm  (which  corresponds  to  lOOOnm 
wavelengths)  will  improve  the  patterns  if  the  grating  widths  still  allow  at  least  a  50% 
throughput.  However,  this  will  also  require  additional  modeling  to  confirm  the  gap 
distance  and  whether  it  is  feasible  for  low-cost  fabrication.  In  addition  to  adjusting  the 
grating  geometry,  investigation  into  the  gap  distance  for  photons  reflected  by  a  bottom 
cell  mirror  will  improve  the  response  of  the  architecture.  Shifting  the  focal  length  to 
twice  the  distance  of  the  air  gap  will  also  require  an  adjusted  grating  pattern.  The  results 
will  indicate  if  even  higher  photon  absorption  is  possible  through  reflected  interference 
patterns  that  still  incorporate  thermal  reduction  via  the  internal  air  gap. 

Finally,  additional  testing  is  required  to  verify  the  viability  of  the  HMJ-Si  in 
commercial  and  military  applications.  This  testing  should  include  panel  integration  tests, 
AMO/vacuum  environment  tests,  and  verification  by  processing  commercially  available 
cells  into  the  HMJ-Si  configuration.  These  tests  will  identify  the  applicability  of  this 
work  and  how  it  can  best  be  applied  to  increase  solar  cell  efficiency. 
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6.3.  Conclusion 


Producing  more  efficient  solar  eells  that  cost  less  is  the  only  way  to  increase 
photovoltaic  implementation.  This  research  provided  the  framework  for  a  novel 
arehitecture  that  enhances  efficiency  and  power  density  without  requiring  eomplex  or 
expensive  proeesses  or  materials.  The  results  support  the  proof-of-coneept  that  this 
arehitecture  is  a  viable  solution,  but  the  investigation  was  not  exhaustive. 

The  parameters  explored  in  this  work  offer  a  framework  for  further  study;  a 
general  analysis  and  direction  for  additional  research.  Unfortunately,  time  and  proeessing 
constraints  prevented  the  ideal  optimization  of  each  parameter  or  the  arehiteeture  as  a 
whole.  Certain  assumptions  had  to  be  made  to  engage  in  this  research  and  when  those 
assumptions  are  removed  through  a  finely-tuned  seope  of  experimentation  for  eaeh 
parameter,  a  high-effieieney  light  trapping  technique  will  emerge.  Although  finalizing  the 
arehitectural  details  and  removing  proeess  errors  will  inevitably  modify  the  original 
design,  the  above  information  provided  a  blueprint  for  a  low-eost  solution  that  will 
hopefully  aid  in  the  proliferation  of  photovoltaics  as  a  renewable  energy  souree. 

Summary 

This  chapter  eoncluded  the  HMJ-Si  arehiteeture  research  and  development  by 
identifying  the  overall  results,  observations,  future  eonsiderations,  and  recommendations. 
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Appendix  A.  MATLAB®  Code 


A.l.  Diffraction  Grating  Code 


% - Parameter  setup 

clear;  clc;  format  long 


j 

= 

sqrt (-1 ) ; 

o 

Imaginarium 

c 

= 

299792458; 

'o 

Speed  of  light 

h 

= 

6. 62606957e-34; 

o 

Planck's  constant 

JeV 

= 

1.602176565e-19; 

'o 

Joules  per  eV 

EgSi 

= 

1.12; 

o 

Si  Bandgap  Energy 

maxlam 

= 

h*c/JeV/EgSi; 

'o 

Max  wavelength 

dx 

= 

20e-6; 

p^ 

o 

Plane  sample  size 

N 

= 

10; 

'o 

Plane  width 

lam 

= 

800e-9; 

p^ 

o 

Min  wavelength 

0^ 

o 

Phase  delay  for  propagating 

through  Si 

and  Si02 

Ds 

= 

le-5; 

'o 

Si  depth  =  lOum 

Ns 

= 

3.538; 

p^ 

o 

Si  refr.  index 

Do 

= 

2e-6; 

'o 

Si02  depth  =  2um 

No 

= 

1.449; 

p^ 

o 

Si02  refr.  index 

delay 

= 

exp  (-j’^2’^pi’^  (Ds’^Ns  +  Do’^No) 

/  (maxlam’^c)  ) 

>  /  % 

Delay  thru  Si/Si02 

Open 

=  42; 

p^ 

o 

Open  grating 

Closed 

=  22; 

p^ 

o 

Closed  grating 

Gap 

=  385e-6; 

'o 

Mask  to  cell  dist 

dellO 

=  0; 

p^ 

o 

1 :  delay  on 

tiltlO 

=  1; 

'o 

1 :  tilt  on 

'O 

OJ- d  L.-Liiy  pci  L.  L-C  J- ii  pj-cp 

Patt 

=  Open+Closed; 

p^ 

o 

Grating  pattern 

M 

=  round  (3 . 5’^Patt)  ; 

'o 

Plane  height 

MLOW 

=  round (M/4 ) ; 

MHIGH 

=  round  ( 3’^M/4  )  ; 

Mask 

=  zeros (M, N) ; 

p^ 

o 

Grating  mask  plane 

del 

=  delay’^dellO; 

p^ 

o 

Delay  toggle 

% -  Open  grating  generation 

for  k=l:Patt:M 

for  i=k:k-l+Open 
Mask (!,:)=  1; 
end;  end 


% -  Closed  grating  generation 

for  p=l:M 

if  Mask (p, : ) ==0 ; 

Mask (p, : ) =  del ; 
end;  end 


% -  Propagation  prep 

mask_cx=10;  mask_cy=M/2; 
cell=zeros (M,N) ; 
cell_cx=10;  cell_cy=M/2; 


%  Mask  plane  center 
%  Solar  cell  plane 
%  Cell  plane  center 


90 


% -  R-S  Propagation  (point  to  point)  - 

for  lam=800 : 10 : 1100 

fprintf (' Running  lambda  =  %gnm\n',lam) 
lam=lam’^le-9; 

for  tiltAng=-0 . 005 : 0 . 001 : 0 . 005 ; 

fprintf ( '  for  tilt  =  %grad\n ’ , tiltAng) 
for  cell_x=l:N 
CX=  (cell_x-cell_cx)  ’^dx; 
for  cell3=ML0w7MHIGH 
CY=  (cell_y-cell_cy)  ’^dx; 
for  mask_x=l:N 

MX=  (mask_x-mask_cx)  ’^dx; 
for  mask3=ML0w7MHIGH 
MY=  (mask_y-mask_cy )  ’^dx; 
dist 
tilt 
kernel 
propagation 
cell (cell_y, cell_x) 
end;  end;  end;  end;  end 
fprintf  (  ’  \t’^Gompleted’^\n\n  ’  ) 
end 

fprintf  Run  Gompleted  ’^’^’^\n\n’) 


Varied  for  bandwidth 

convert  lam  to  nm 
%  Varied  for  tilt 


sqrt  (Gap'^Pt  (MX-CX)  ^2+  (MY-CY)  ^2)  ; 
exp  ( j  ’^tiltIO’^2 ’^pi’^MY’^tiltAng/ lam)  ; 
exp  (2’^pi^j^dist/lam)  /  (j  ’^lam’^dist'^2 )  ; 
dx^2 ’^Gap’^ tilt Mask  (mask_y,  mask_x)  .  ’^kernel; 
cell (cell_y, cell_x)  +  propagation; 


% -  Plot  grating  pattern  - 

figure ( 1 ) 
subplot (1,3,1) 

image  sc  (  ( 1 :  N)  ,  ( 1 :  M)  ,  abs  (Mask)  .  '^2  )  ;  colormap  (gray) 

title  (  [num2str  (Closed’^20 ),' urn  Grating  |  '  ,  num2str  (Open’^20 )  ,  ’  urn  Spacing']) 

ylabel (' distance  (x  20um) ' ) ;  grid  on 

% -  Plot  response  image  - 

subplot (1,3,2) 
cell=abs (cell ) .^2; 

imagesc ( (1 :N) , (1 :M) , cell) ;  colormap (gray) 

title  ([' Intensity  after  '  ,  num2str  (Gap’^leG)  ,  '  urn' ]  ) 

ylabel (' distance  (x  20um) ' ) 


% -  Plot  intensity  graph  - 

subplot (1,3,3) 

rowsum  =  round(sum(cell,2)); 
plot (rowsum, 1 : M) ;  axis('ij');  ylim([l  M] ) 
title ('2D  Diffraction  Representation') 
ref line ( 0 , Open) ;  ref line ( 0 , 3^Patt ) 
total=0 ; 

for  rowint  =  1 : 1+ ( 3’^Patt-Open) 

total  =  total  +  rowsum (rowint ) ; 

end 

xlabel ([' Region  Sum  =  ' , num2str (total/le4 ) ] ) ;  grid  on;  grid  minor 
ha  =  axes  (  'Position' ,  [0  0  1  1] ,  'Xlim' ,  [0  1] ,  'Ylim' ,  [0 

1 ],' Box ',' of f ',' Visible ',' of f ',' Units ',' normalized ' ,  'clipping'  ,  'off'); 

text(0.5,  1, '800  to  llOOnm  Waves;  -0.005  to  0.005rad 

Tilt ' , ' Horizontal Alignment '  , ' center ' , ' VerticalAlignment ' ,  ' top ' ) 

saveas  (gcf ,  [num2str  (Gap’^leG)  ,  '  gap_'  ,  num2str  (Glosed’^PO)  ,  '  x  '  ,  num2str  (Open’^PO)  ,  '_H 

iRes .jpg']); 
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A.2.  IV-Curve  Generator  Code 


clc;  clear  all; 

a  =  100;  %  sets  decimal  point  accuracy 
set (gca, ' f ontname ' ,  ' times ' ,  ' Fonts ize ' ,  12 ) 


1=[77.9 

74 

0]  ; 


%  add  Isc  here 

%  add  measured  currents  here 
%  add  0  here 


V=[  .0 
.130 
.516] ; 


%  add  0  here 

%  add  measured  voltages  here 
%  add  Voc  here 


%% - isolate  Isc  and  Voc 

lim=max (size (V) ) ; 

Isc  =  1  (1,1) ; 

Voc  =  V(lim, 1) ; 


find  max  power  point 


P=V . ^ 1 ; 

[num  index]  =  max(P(:)); 

Loc=ind2sub (size (P) , index) ; 

lmpp=l (hoc, 1) ;Vmpp=V (hoc,  1) ; 

Mpp=[Vmpp,  Impp] 

Pmax=lmpp’^Vmpp 

Pideal  =  Isc’^Voc 

FF  =  Pmax’^lOO/Pideal 


establish  power  matrix 

find  indices  of  highest  value 

store  indices  as  a  matrix 

store  corresponding  values  from  1, 

Pmax  baby! 


V 


%% - calculate  efficiency  n%  =  lOO’^  (max  power )/ (input  power) 

Pin_Masked_Square  =  2.351; 

Pin_Full_Circle  =  2.656; 

Pin_Oneinch_Square  =  0.645; 

n  =  round  (  (100^Pmax/1000/Pin_Masked_Square) ’^a) /a 


%%  plots 
figure ( 1 ) 

hold  on;  grid  off; 
plot (V, 1) 

VocX  =  [Voc,  Voc];  VocY  =  [0,  isc] ; 

iscX  =  [isc,  isc];  iscY  =  [0,  Voc]; 

plot (VocX, VocY, ' , 'Color ' , 'k'); 

plot  (iscY, iscX,  ,  'Color' ,'k'); 

plot (Voc, isc, ' . ' , ' Markers ize ',14, 'Color', 'k') 

Vmpp_X  =  [Vmpp,  Vmpp] ;  Vmpp_Y  =  [0,  impp] ; 

impp_X  =  [impp,  impp] ;  impp_Y  =  [0,  Vmpp] ; 

plot (Vmpp_X, Vmpp_Y, Color ' , ' b ' ) ; 

plot ( impp_Y, impp_X, ' - . ' , 'Color ' , ' b ' ) ; 

plot (Vmpp, impp, ' . ' , ' Markers ize ',14, 'Color', 'b') 


%%  graph  polishing 

axis([0  (Voc’^l.l)  0  (iso’ll.!)]) 

title ('IV  Curve  for  Cell:  AIT'); 

xlabel ( 'Voltage  (V) ' ) ;  ylabel ( ' Curent  (mA) ' ) ; 

values  =  {['Pmax  =  '  ,  num2str  (round  (Pmax’^a) /a)  ,  'mW  ] 

['Pideal  ^  '  ,  num2str  (round  (Pideal’^a) /a)  ,  'mW  ] 

[  '  FF  =  '  ,  num2str  (round  (FF’^a) /a)  ,  '  %  '  ] 

['Eff.  =  ',num2str(round(n’^a)/a),'%']}; 
annotation (' textbox ' ,  [ 0 . 18 , 0 . 22 , 0 . 1 , 0 . 1 ],' String ' ,  values) 
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Appendix  B.  Additional  MATLAB®  Simulation  Results 


100|iin/250|im  Spacing,  Full  Bandwidth,  No  Tilt,  Low  Resolution 


200|ini/400|ini  Spacing,  Full  Bandwidth,  No  Tilt,  Low  Resolution 


250pni/400pni  Spacing,  Full  Bandwidth,  No  Tilt,  Low  Resolution 
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250|xm/450|j,m  Spacing,  Full  Bandwidth,  No  Tilt,  Low  Resolution 
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300|im/400|im  Spacing,  Full  Bandwidth,  No  Tilt,  Low  Resolution 


300|ini/450|ini  Spacing,  Full  Bandwidth,  No  Tilt,  Low  Resolution 
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350|im/400|im  Spacing,  Full  Bandwidth,  No  Tilt,  Low  Resolution 


300|ini/500|ini  Spacing,  Full  Bandwidth,  Full  Tilt,  Low  Resolution 
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300|im/700|im  Spacing,  Full  Bandwidth,  Full  Tilt,  Low  Resolution 


360|ini/760|ini  Spacing,  Full  Bandwidth,  Full  Tilt,  Low  Resolution 
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380|j,m/780)am  Spacing,  Full  Bandwidth,  Full  Tilt,  Low  Resolution 


400pm/600pm  Spacing,  Full  Bandwidth,  Full  Tilt,  Low  Resolution 
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distance  (x  20um) 


400|xm/700|im  Spacing,  Full  Bandwidth,  Full  Tilt,  Low  Resolution 


400pm/800pm  Spacing,  Full  Bandwidth,  Full  Tilt,  Low  Resolution 


99 


distance  (x  20um)  distance  (x  20um) 


400|iin/900|im  Spacing,  Full  Bandwidth,  Full  Tilt,  Low  Resolution 


400|ini/1000|ini  Spacing,  Full  Bandwidth,  Full  Tilt,  Low  Resolution 
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420|j,m/820|am  Spacing,  Full  Bandwidth,  Full  Tilt,  Low  Resolution 


440pm/840pm  Spacing,  Full  Bandwidth,  Full  Tilt,  Low  Resolution 
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460|j,m/860)am  Spacing,  Full  Bandwidth,  Full  Tilt,  Low  Resolution 


500pm/900pm  Spacing,  Full  Bandwidth,  Full  Tilt,  Low  Resolution 
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Appendix  C.  AFIT  Solar  Cell  Fabrication  Process  Follower 


Step  1:  Wafer  Preparation 

Center  the  wafer  on  the  2”  spinner  chuck  and  turn  on  the 
vacuum. 

Using  the  spinner  in  the  solvent  hood 

Spin  at  500  rpm  and  rinse  in  acetone,  methanol,  and  DI 
water — each  for  30  seconds.  Dry  with  nitrogen  while 
spinning. 

Methanol  rinse  prevents  acetone  from 
drying 

Stop  spinner,  turn  off  vacuum,  remove  wafer,  and  dry 
with  nitrogen  on  clean  texwipe.  Place  on  1 10°C  hot  plate 
for  2  min. 

Hot  plate  helps  with  dehydration 

Step  2;  Diffusion 

Specify  furnace  time  and  temperature  for  front-side 
dopants. 

p-type  wafers  doped  with  phosphorous 
n-type  wafers  doped  with  boron  nitride 

Remove  wafers  doped  with  boron  nitride  for  deglazing. 
Deglaze  by  submerging  in  BOE  for  3  min.  Dry  with 
nitrogen  on  clean  texwipe  and  place  on  1 10°C  hot  plate 
for  2  min. 

Deglazing  is  required  to  remove 
surface  impurities  and  avoid  furnace 
contamination 

Specify  furnace  time  and  temperature  for  rear-side 
dopants. 

Creates  the  back  surface  field 

Deglaze  the  boron-doped  wafers  as  outlined  above. 

Specify  furnace  time  and  temperature  for  rear-side 
dopants. 

Creates  the  enhanced  back  surface  field 

Step  3:  Si3N4  Deposition  (if  required) 

Deglaze  the  wafers  as  outlined  above. 

Removes  any  residual  oxides 

Give  wafers  to  technician  with  thickness  request  in 
nanometers. 

Step  4:  Photoresist  Application 

Deglaze  the  wafers  onlv  if  thev  do  not  have  Si^Nd. 

BOE  etches  SisN4 

Put  wafer  on  2”  wafer  chuck  front  side  up,  turn  on 
vacuum,  and  verify  spinner  settings.  Time:  30  sec; 

Speed:  4,000  rpm 

Using  the  spinner  in  the  solvent  hood 

Spray  wafer  with  nitrogen  to  cool  the  wafer  and  remove 
any  surface  contaminants. 

Apply  S 1 8 1 8  positive  photoresist  onto  the  wafer  (the 
amount  should  be  about  a  1.5”  circle  with  no  bubbles); 
start  the  spinner. 

Bubbles  prevent  uniform  spreading 

Once  stopped,  turn  off  the  vacuum  and  place  the  wafer  on 
the  1 10°C  hot  plate  for  4  min. 

Hot  plate  sets  the  resist 

Step  5;  Photoresist  Expose 

Clean  the  solar  cell  mask  by  rinsing  in  acetone,  methanol, 
and  DI  water  for  30  sec  each  and  dry  with  nitrogen. 

Install  the  mask  into  the  contact  aligner  with  the  glass 
side  touching  the  mask  tray  (the  metal  side  will  contact 
the  wafer). 

Make  sure  the  pattern  is  centered  in  the 
mask  holder  window 

Place  the  wafer  in  the  center  of  the  contact  aligner  tray 
with  the  primary  wafer  flat  down  (6  o’clock  position). 

Slide  the  tray  under  the  mask  and  raise  it  until  contact  is 

Visually  verify  there  is  contact 
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made.  Verify  the  wafer  is  properly  aligned  to  the  mask; 
adjust  as  necessary. 

Expose  the  wafer  lAW  posted  exposure  times  for  S 1 8 1 8 
photoresist. 

Do  not  look  at  the  light  during 
exposure! 

Once  completed,  lower  the  tray,  slide  it  out,  and  use 
tweezers  to  gently  remove  the  wafer  and  place  in  wafer 
case. 

Step  6;  Photoresist  Develop 

Center  the  wafer  on  the  2”  spinner  chuck  and  turn  on  the 
vacuum. 

Using  the  spinner  in  the  base  hood 

Spin  at  500  rpm  and  rinse  in  5: 1  DI  water/35 1  developer 
for  45  sec;  immediately  rinse  with  DI  water  for  30  sec 
and  dry  with  nitrogen  while  spinning. 

Stop  spinner,  turn  off  vacuum,  remove  wafer,  and  dry 
with  nitrogen  on  clean  texwipe. 

Verify  the  resist  was  adequately  developed  using  a 
microscope. 

Step  7a:  Deposition  Prep  -  Wafers  without  Si3N4 

Place  wafers  in  the  0?  Plasma  Asher  onlv  if  thev  do  not 
have  Su^4. 

Ash  the  wafers  with  patterned  side  up  for  5  min  at  75 W 
making  sure  the  reflected  power  is  0.  Remove  wafers  and 
turn  Asher  off. 

Make  sure  to  turn  off  the  supply  oxygen 

Deglaze  the  wafers  (if  required)  as  a  pre-metallization 
dip. 

Only  if  you  haven ’t  deglazed  during 

Step  3  or  Step  4  the  same  day. 

Step  7a:  Deposition  Prep  -  Wafers  with  Si3N4 

Give  wafers  to  technician  for  a  Reactive  Ion  Etch  to 
remove  the  Si3N4  exposed  after  photoresist  development. 

Etched  wafers  do  not  require  an  a  pre¬ 
metallization  dip. 

Step  8:  Deposition  and  Lift-Off 

Notify  the  technicians  of  the  requested  metal  deposition 
type  and  thickness  in  Angstroms;  500  Angstroms  of  Ti 
should  be  used  as  an  adhesion  layer. 

If  only  patterning  one  side,  have  the 
technicians  flip  the  cell  over  and 
deposit  the  same  metal  on  the  rear  of 
the  wafer 

Once  the  metal  is  finished,  apply  tape  to  the  wafer  and 
gently  pull  up,  removing  the  metal. 

If  any  metal  is  remaining,  submerge  in  acetone  and  place 
in  the  ultrasonic  bath  for  5  min. 

Rinse  both  sides  of  wafer  with  acetone,  methanol,  and  DI 
water.  Dry  with  nitrogen  on  clean  texwipe. 

Step  9:  Post-Metal  Processing 

If  the  other  side  of  the  wafer  needs  patterning,  spin  S 1 8 1 8 
photoresist  onto  the  patterned  metal  side  for  protection 
and  then  repeat  the  process  beginning  at  Step  4. 

Make  sure  photoresist  covers  the 
patterned  metal  and  exposed  Si3N4 
since  the  deglazing  process  in  Step  4 
will  etch  the  nitride  and  attack  the 
metal  contacts. 

Wafers  are  now  ready  for  Rapid  Thermal  Anneal  (RTA). 
Place  wafers  in  RTA  and  run  at  450°c  for  20  sec. 
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Appendix  D.  Source  Wafer  Data  Sheets 


Product  Datasheet 

PDS®  Products  N-Type  Planar  Diffusion  Sources 

N -Type  diffusion  source  wafers  for  the  semiconductor  industry 


PDS®  Products  phosphorus  source  wafers  offer  low  cost^  in-situ^  N-type  planar 
sources  for  silicon  diffusions.  In-situ  PDS  Products  eliminate  the  trade-off 
between  throughput  and  uniformity  for  larger  diameter  wafers. 

All  grades  of  N-type  PDS  Products  are  available  in  diameters  up  to  200  mm.  Use 
of  PDS  Products  enables  the  user  to  change  source  wafer  diameter  with  little  or 
no  change  in  the  diffusion  process. 

Available  Grades  and  Typical  Properties 

N-type  PDS  Products  are  mechanically  stable,  solid  diffusion  source  wafers  that 
combine  phosphorus  and  an  inert  silicon  carbide  substrate. 

All  N-type  PDS  Products  consist  of  an  active  component  Cerium  Penta phosphate 
(CeP^Oi^)  or  Silicon  Pyrophosphate  CS1P2O7)  canied  on  an  inert  porous  Silicon 
Carbide  (SiQ  substrate.  At  diffusion  temperature^  the  active  component 
decomposes  to  form  P2O5  vapor,  which  evolves  from  the  source  by  direct 
volatilization.  The  by-product  of  the  decomposition  (CeP^Og  or  Si  O  2}  remains  on 
the  source  wafer. 


Cr^de 

PH  -  900 

PH  -  950 

PH  -  fOOoH 

PH  - 1025 

Com  position 

inoi  CeP50i4 

10D^SIP207 

io0ltSIP2O7 

60^  ZrP207 
30SSIP207 
io3LSr02 

Temperature  °C 

825. '  900 

875-950 

925- 1000 

975-1025 

Sheet  Resistance  (Ohm/Sq) 

150-15 

6d  '  s 

iS  3 

25  3 

Phosphorus  Class  Thickness  A 

100  ■  650 

125- 1200 

175- 1200 

100-1250 

Dose  atoms  { 

i4  xid’i  to 

X 10^ 

3.2  X  id’^  to 
14  xia’^ 

S4  X  ID**  to 

i.i  X 

5.3  X  10*5*  to 

1.4  XI  o’^ 

Stacking  Afiangeinent 

PDS  Products  sources  and  silicon  wafers  are  edge -stacked  perpendicular  to  the 
tube  axis  in  cross-slotted  furnace  carriers. 


Fea  tures  /  Benefits 

•  Extreme  flexi  bility  that  allows  applicati  on 
to  many  device  structures,,  thereby 
eliminatjng  capital  expense  in  device 
conversion. 

•  Improved  yields  by  getteiing  OKidat^on 
induced  stacking  faults  and  improved 
uniformity  across  the  wafer,  across  a  run 
and  from  run-to-run. 

•  Precision  chemical  principles  make  for 
pr ed  i  eta  bility  a  n  d  repeata  bi  lity  th  rou  gh 
the  controlled  introduction  of  moisture  in 
the  diffusion  tube,  even  at  temperatures 
as  low  as  S2^°C. 

•  A  trai  ne  d  staff  is  mainta  ined  to  assist  i  n 
all  technical  needs  and  support 


Key  Applications 
Emitter 
Collector 

Backside  gettering 
Enhancement 
Source/drain 
Sinker 

Polysilicon  doping 
Solar  cell 


Target  Markets 

•  Semiconductor  manufacturing 

•  M  icroe  le  ctro-mechani  ca  I  systems  [MEM  S} 


rnTTrh 

SAtNT-GOBAiN 


CEMMIC  MATEilALB 
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Gases  and  Flow  Rates 

During  the  evaluation  phase  of  PDS  Products,  a  full  boatload  of  dummy  silicon  wafers  is  needed  to  create  the  boundary  layer 
condition  and  achieve  meaningful  results.  Typical  total  gas  flow  rates  are  6-  lo  slpm,  depending  on  the  combination  of  source 
wafer  and  process  tube  diameters  used.  Optimization  of  across  the  wafer  and  across  the  boat  diffusion  parameter  uniformity 
may  require  that  these  flow  rates  be  modified. 


Source  Preparation 

Wet  chemical  cleaning  is  unnecessary  since  the  sources  are  manufactured  under  the  most  exacting  quality  standards  using  raw 
materials  of  the  highest  purity,  and  are  protected  from  exposure  to  contaminants  both  during  and  after  manufacture. 
Furthermore^  due  to  the  porosity  of  the  composition,  cleaning  agents  are  difficult  to  remove  completely. 


It  is  recommended  that  prior  to  actual  product  silicon  diffusion,  new  phosphorus  source  wafers  be  annealed  at  the  following 
temperatures  in  an  ambient  of  100%  Ni: 


PH-900: 

PH-950 

PH-1000N: 

PH-1025: 


925"C  for16Hra 

900-=- 950^^0  fbrehrs 

950M000^C  forSHrs 

1  DOOM  025  for4Hr3 


Diffusion  Process  Outline 


Step 

Ambient 

Time 

Function 

PushinS  Recovefy 

IVfin. 

Thermal  Equilibrium 

Soali 

Nj  {100S) 

VariaWe 

Resistivity  Target 

Deglaze 

10:1  HF 

2  Min 

Remove  Unreduced  Glass 

iL  Push  in  and  Recovery 

During  the  recovery  step^  source  boats  stacked  with  Phosphorus  and  silicon  wafers  are  pushed  into  a  diffusion  tube.  The 
tube  is  then  allowed  to  establish  ambient  equilibrium.  This  step  is  performed  in  an  ambient  of  100%  N2  at  750^C-850°C. 
Typical  total  gas  flow  rates  are  6— 10  sipm,  depending  on  the  combination  of  source  wafer  and  process  tube  diameters  used. 

2,  Soak 

During  the  soak  step^  the  dopant^  glass  which  is  uniformly  coating  the  silicon  wafers  undergoes  a  reduction  reaction  in  the 
ambient  which  results  in  the  formation  SiOz  and  phosphorus 

3.  Deglaze 

After  the  Si  wafers  are  unloaded  from  the  furnace^  the  excess  un -reacted  dopant  glass  is  removed  by  10  parts  DiHzO  to  1 
Part  HF  for  2  minutes  at  room  temperature. 

Storage 

Optimum  source  wafer  storage  between  uses  is  in  dry  N  2  at  4O0°C.  Storage  in  the  mouth  of  the  diffusion  tube  is  not 
recommended. 

Furnace  Loading  and  Unloading  Cycles 

A  slow  push  during  furnace  loading  {typically  5.0"/ min.)  at  700°-  Boo^C  is  advised.  The  boats  should  be  allowed  to  equilibrate  for 
5-10  min.  under  N2  before  ramping  to  use  temperature.  A  subsequent  ramp  down  to  700°-  8oo°C  before  unloading  is  also 
recommended. 
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Performance  data:  PD5  Products  N-type  Grade  PH-^oo 


Jurm  km  Depth  vs-  Deposit  ion  Tito 


PjO,  Glass  TftickflKa  ws.  DsposItiO't  Time 

PjO,  TIicVnBsa  jA| 

m  - — 


Timf  Iflirt.p 


Trtt|>n*i.| 


She«!t  FI^^^Eancevt  Dapgacifm  Tlirw 


Performance  data:  PD5  Products  N-type  Grade  PW-950 


Sheet  Resi  stance  wa.  O^oaiUcn  Tpn»c 


p^OnGtees  Thi^kneagvs.  DepostiicmTiifm 


oj-.  — 1- _ _  _ _ ^- 

q  V  213  30  IQ  la  CD  m  s» 

ttne  Imnl 


JuncriDn  b^lh  ms.  Depos.itldn  Time 


Performance  data  PDS  Products  N-type  Grade  PH-±oooN 


5h04<  R(^l$t3ncB  vs.  Deposi  t  Ion  Trme 


P^OsGtass  Thichnessvs.  Dflposition  Time 


rung  Imii-v) 


Junijtion  Depth  vS.  DSpASitiDinTtme 


Q  ID  £0  aa  4D  EO  ^  7D  » 
TUne  pflln.| 
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Product  Datasheet 

PDS®  Products  P-Type  Planar  Diffusion  Sources 

PDS®  Products  P-Type  diffusion  sources  for  the  semiconductor  industry 


PDS®  Products  P-type  (Boron  Nitride)  wafers  offer  low  costj  in-sitUj,  P-type  planar 
sources  for  silicon  diffusions.  PDS  Products  P-type  sources  eliminate  the  trade-off 
between  throughput  and  uniformity  for  larger  diameter  wafers. 

Alt  grades  of  P-type  PDS  Products  are  available  in  diameters  up  to  200  mm.  Use  of 
PDS  Products  enables  the  user  to  change  source  wafer  diameter  with  little  or  no 
change  in  the  diffusion  process.  Furthermore,  Saint-Gobain  Advanced  Ceramics 
Boron  Nitride  offers  unparalleled  technical  guidance  based  on  over  30  years  of 
experience  in  diffusion  technology. 

Available  Grades  and  Typical  Properties 

P-type  PDS  Products  are  hot-pressed  sintered  Hexagonal  Boron  Nitride  (hSN) 
materials,  where  varying  amounts  of  Boric  Acid  and  SiOz,  mixed  with  h  BN  control 
the  diffusion  performance. 

Grade  BN-HT  is  made  by  firing  hBN  at  high  temperatures  to  remove  all  the  B2O3 
and  grow  diffusion  bonds.  When  activated,  B2O3  glass  forms  on  the  outside  of  the 
BN-HT  source  wafer.  This  boron  glass^  controlled  transferred  to  the  silicon  wafer, 
results  in  uniform  boron  doping  while  minimizing  silicon  surface  defects. 


Grdde 

BN- 975 

BN  - 10§0 

BN  -  TlOO 

BN  - 1250 

BN-HT 

Composition 

Bi03 

2%  B2O3 

40S  Si02 

60S  SIO2 

0.2s  &2O3 

Temperature  “C 

SOD  -  975, 

975'noo 

Tdoo  ■  110O 

TOoO  - 1250 

1000 ' 1200 

Sheet  Resistance  (Ohm^Sq] 

2000  -20 

20  .  s 

40-5 

40-1.5 

20 '1 

Boron  Glass  Thickness  A 

300  - 1000 

400  -IPOO 

200 ' SOO 

200 '1000 

200-1000 

Dose  atoms /cm^ 

1.3  K  10*^  to 
3.6  X  10^^ 

3.6  X  lo"*  to 
1.6  X  to’* 

2.3  X  10“^  to 
1.6x10’* 

2.3  M  lO’^tQ 
g.ox  10'* 

2.3  X  10^  to 
4.^  X  lo'* 

Stacking  A  trangenient 

PDS  Products  sources  and  silicon  wafers  are  edge-stacked  perpendicular  to  the 
tube  axis  in  cross-slotted  furnace  carriers. 


Feati/res  /  Benefits 

*  Extreme  flexitaiiity  that  allow  application  Id  many 
device  structures,  theret)y  eliminalirtg  capitai 
expense  in  device  conversion 

*  1m:;^ved  yields  tsy  getteing  ojddalion  induced 
stacking  faults  and  improved  unitormity  across  the 
wafer,  across  a  lun  and  from  Tun-to-mn 

*  Precision  chemical  principles  make  for 
prediclalMity  and  repeatability  through  the 
controlled  introduction  cff  moisture  in  the  diffusion 
tube,  even  at  temperatures  as  low  as  7SD'“C 

*  iirtoisture  modulation  of  the  vapor  pressure  of  the 

B2O3-  HBOi  system  causes  a  rapd  flux  of  gas. 
creating  excellent  uniformity  and  allowing  a 

damage  control  mechanism  to  be  established 
simultaneous  to  the  depositiDn  process 

*  Successful  application  of  the  PDS*  Products 
hydrogen  irijection  process  throughout  the 
semiconductor  industry 


Key  Applications 

*  Emitter 

*  Base 

*  Collector 

*  Channel  stop 

*  Isolation 

*  Guard  rings 

*  Resistor 

*  Capacitor 

*  Solar  cells 

*  Source/drain 

*  Trench  structures 


Target  Markets 

*  Semiconductor  manufacturing 

•  M  icroelectro-nrecha  nica  I  systems  f M  EM  S ) 


rt'T^Tri 

SAtNT-GOBAIN 


CgBAMIC  MATERIALS 
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Gases  and  Flow  Rates 

When  evaluating  PD5  Products,  a  full  boatload  of  test  and  dummy  silicon  wafers  is  needed  to  create  the  boundary  layer 
condition  and  achieve  meaningful  results.  Typical  total  flow  rates  are  6-  loslpm,  depending  on  the  combination  of  source  wafer 
and  process  tube  diameters  used.  Optimization  of  across  the  wafer  and  across  the  boat  diffusion  parameter  uniformity  may 
require  that  these  flow  rates  be  modified. 


Source  wafer  preparation  process  steps 


BN-97S 

BW‘HT 

SurfaM  Elch 

No 

3PartsDI-HiO-2Part£ 

HF  (3J  Room  T em  p. 

t4o 

No 

Di-HjO  5  min.  Maji. 

Mo 

4£»‘'C 

Dry 

iOoMM, 

iHoirf 

iHotjrs 

iHotjr 

iQoa“C 

Oj 

IDOW  Oj. 

319  Minutfes 

30  Minutes 

30  Mirsutfts 

At  UfeTemp 

Stabilifje 

iDiM  W, 

3Q  MinutK 

30  Minutes 

6  Hours 

Source  Wafer  Preparation  Process  Line  Diagram 
Stutsilize 

Tv 

DfV 


Source  Preparation 

It  is  necessary  that  prior  to  silicon  deposition,  new  source  wafers  have 
the  recommended  preparation.  Wet  cleaning  of  BN-975  and  BN-HT  is 
to  be  avoided. 

Since  BN-iioo  and  0IM-125O  are  BN  /  SiO^  compositions^  it  is  necessary 
to  remove  some  of  the  SiO^  with  an  HF  dip  followed  by  a  DI-HiO  rinse. 
This  etches  some  of  the  SiO^  away  to  expose  the  boron  nitride  for 
oxidation.  After  the  surface  etch  step^  a  water  rinse  is  to  be  done  to 
remove  any  residual  HF.  Routine  re-oxidation  may  be  necessary  as  the 
exposed  BM  is  consumed. 

For  all  sources^  the  function  of  the  drying  step  is  to  remove  entrapped 
moisture.  The  purpose  of  the  initial  oxidation  process  is  to  grow  a  thin 
layer  of  BiO^  glass  on  the  surface  of  the  boron  nitride  wafer.  This  will 
act  as  the  dopant  source  during  subsequent  deposition  (predisposition) 
processes. 


Process  Outline  for  Smgle  Step  Diffusion 

1.  Push  in  and  Recovery:  During  the  recovery  step,  source  boats 
stacked  with  BN -975  wafers  and  silicon  wafers  are  pushed  into  a 
diffusion  tube.  The  tube  is  then  allowed  to  establish  ambient 
equilibrium.  This  step  is  generally  performed  in  an  ambient  of  50% 

Ni  and  50%  O2  at  750®C-B50°‘C.  Typical  total  gas  flow  rates  are  6- 
10  sipm,  depending  on  the  combination  of  source  wafer  and 
process  tube  diameters  used.  The  N2/O2  ambient  during  the 
recovery  step  grows  a  thin  layer  of  SiOz  in  the  mask  window 
regions.  This  thin  layer  of  SiOz  masks  B2O3  diffusion  during  the 
push  in  cycle,  thus  minimizing  or  eliminating  the  sheet  resistivity 
gradients  due  to  the  first  wafer  in  being  the  last  wafer  out. 

2.  Soak:  During  the  soak  step,  the  dopant  glass  which  is  uniformly 
coating  the  silicon  wafers  undergoes  a  reduction  reaction  in  the 
ambient  which  results  in  the  formation  cff  a  thin  insoluble  layer  of 
silicon-boride,  Si-8,  at  the  silicon  surface.  The  Si-B  layer  traps 

crystal  damage  at  the  silicon/  SiB  interface  through  a  strong  gettering  action.  In  essence,  the  function  of  the  soak  step  is  to 
control  damage  while  obtaining  the  targeted  sheet  resistivity  (See  perfonnance  charts  on  the  next  page). 


Single  step  diffusion  process  outline 


Step 

Amfaierit 

time 

Fundtlon 

Push  ir  & 
Recovery 

15  Mifi. 

T  heim^  1  Eguill  briiim 
ThinO>(l'tfe  GrcJwth 

SOAk 

Variable 

Defect  CdOLrol 
ileslstivlty  Target 

□eglaie 

iWlin 

Remove  Unrediiced 

Glass 

Low  Temperature 
O.xidati0rl  (LTOJ 

30044  Oj 

2a  Mill. 

Remove  SI-B  Layer 
and  defects. 

3.  Deglaze:  After  the  Si  wafers  are  unloaded  from  the  furnace,  the  excess  un-reacted  dopant  glass  is  removed  by  uo  parts 
DiHzO  to  1  Part  HF  for  2  minutes  at  room  temperature. 

4.  Low  Temperature  Oxidation  (LTO):  The  function  of  the  LTOstep  is  to  oxidize  the  Si-B  layer  and  a  thin  layer  of  Si  beiow  it. 
Oxidizing  this  thin  Si  layer  will  immobilize  most  of  the  crystal  defects  in  the  oxide.  A  steam  or02  ambient  is  typically  used 
to  cause  the  rapid  oxidation  of  the  Si-B  layer  and  it's  silicon  interface  region  before  harmful  propagation  of  the  defects  into 
the  silicon  can  occur.  This  allows  the  subsequent  drive  cycle  to  be  damage  free.  (See  separate  Low  Temperature  Oxidation 
Technical  Bulletin  on  our  website  at  www.bn.5aint-Q0bain.com') 
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Appendix  E.  Fabrication  Equipment,  Test  Equipment,  and  Chemicals 


Model 

Description 

Application 

Step 

Solitec 

Spinner 

Spinning  wafers  at  various  speeds  to 
clean  or  apply  photoresist. 

Fabrication 

(CH3)2C0 

Acetone 

Cleaning  wafers;  etches  photoresist 

Fabrication 

CH30H 

Methanol 

Cleaning  wafers 

Fabrication 

HP131725Q 

Hot  Plate 

Heating  wafers  for  dehydration  after 
cleaning  and  for  baking  photoresist 

Fabrication 

H4-7760 

Diffusion  Furnace 

Doping  wafers  and  growing  oxides 

Fabrication 

HF+0 

Buffered  Oxide 

Oxide  removal  (deglazing) 

Fabrication 

KOH 

Potassium  Hydroxide 

Isotropic  etching  for  silicon  wafers 

Fabrication 

Orion  III 

Vapor  Deposition 

Deposits  silicon  nitride  (ARC) 

Fabrication 

pPGlOl 

Mask  Writer 

Creates  masks  for  photolithography 

Fabrication 

1818 

Positive  Photoresist 

Masking  for  photolithography 

Fabrication 

MJB-3 

Contact  Mask  Aligner 

Exposing  photoresist 

Fabrication 

351 

Photoresist  Developer 

Removing  exposed  photoresist 

Fabrication 

SP-100 

Plasma  Asher 

Pre-metallization  wafer  cleaning 

Fabrication 

Phantom  III 

Reactive  Ion  Etcher 

Etching  silicon  nitride 

Fabrication 

EB-4P-6KW 

Metal  Evaporator 

Depositing  metal  contacts 

Fabrication 

3200 

Ultrasonic  Bath 

Removing  metal  remaining  from 
metal  lift  off  procedures 

Fabrication 

Solaris  150 

Annealing  Furnace 

Rapid  thermal  annealing 

Fabrication 

XPS-300 

Solar  Light  Tester 

Measuring  solar  cell  response 

Testing 

PMA2100 

Pyranometer 

Measuring  irradiance 

Testing 

34401 A 

Digital  Multimeter 

Measuring  current  and  voltage 

Testing 
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Thermal  Multimeter 

Measuring  internal  and  ambient 
temperature  using  thermocouple 
probes 

Testing 

SC6703 

Infrared  Camera 

Recording  heat  dissipation,  near-IR 

Testing 

SC600 

Infrared  Camera 

Recording  heat  dissipation,  mid-IR 

Testing 

no 


Appendix  F.  Electromagnetic  Radiation  and  Spectral  Signature 


Electromagnetic  radiation  is  energy  that  propagates  through  space  in  the  form  of 
electromagnetic  waves.  Although  each  wave  travels  at  the  speed  of  light  (2.99  xlO^  m/s), 
they  vary  in  length  which  creates  different  effects.  For  example,  a  wavelength  of  500nm 
corresponds  to  green  light  whereas  lengths  of  5nm  (x-rays)  and  5,000,000nm  (radio 
waves)  are  invisible  to  the  human  eye.  In  fact,  ever5dhing  above  a  temperature  of  absolute 
zero  (-273°C)  emits  electromagnetic  radiation.  The  signature  of  radiation  varies 
depending  on  the  wavelength  and  temperature,  which  was  first  observed  by  Max  Planck 
in  1900  as  he  investigated  how  to  develop  a  more  efficient  light  bulb  [79].  He  discovered 
that  the  intensity  of  radiation  over  a  given  area,  the  irradiance  {!„),  is  given  by 

2/ic' 


I...  = 


^  /tc/ 


(F-1) 


Where: 


h  =  Planck’s  constant;  6.626x10'^"^  m^kg/s 
c  =  The  speed  of  light  in  a  vacuum;  3.0x10*  m/s 
X  =  Wavelength 
T=  Temperature 

To  demonstrate  this,  Planck  used  the  concept  of  an  ideal  physical  body  that 
appears  black  at  room  temperature,  known  as  a  blackbody.  An  example  of  a  blackbody  is 
an  electric  stove  that  glows  when  it  gets  hot.  A  graph  of  blackbody  radiation  in 
accordance  with  Equation  F-1  is  shown  below  and  identifies  how  intensities  at  each 
wavelength  change  with  temperature.  A  warm  stove  has  a  peak  irradiance  above  800nm, 
which  is  invisible  radiation  experienced  as  infrared  heat.  As  it  heats  up,  the  intensity  peak 
shifts  towards  590nm  and  yellow-orange  light  is  emitted. 


Ill 


Figure  43.  Blackbody  radiation  at  different  temperatures. 

A  stove  may  simulate  a  blackbody,  but  there  is  no  true  physical  body  that  is  an 

ideal  emitter.  For  instance,  in  outer  space  where  the  air  mass  is  zero  (AMO),  the  sun  has  a 
spectrum  that  resembles  a  blackbody  at  5800K.  The  corresponding  irradiance,  which  is  a 
summation  of  intensities  at  each  wavelength,  is  1367  w/m^.  Once  the  radiation  enters  the 
atmosphere  (AMI. 5),  the  intensities  are  reduced  via  reflection  or  diffusion.  The  resulting 
amount  of  irradiance  on  the  surface  of  the  Earth,  known  as  1  sun,  is  measured  to  be  1000 
W/m^  and  is  used  as  a  standard  test  condition  for  solar  cells. 

Another  and  equally  important  test  condition  is  the  spectrum,  or  “fmgerprinf ’,  of 
radiation  at  AM  1.5.  The  spectrum  identifies  the  intensity  of  each  photon  that  reaches 
earth.  For  example.  Figure  44  shows  that  there  are  more  1400nm  photons  hitting  the 
atmosphere  (AMO)  than  reaches  sea  level  (AM  1.5).  The  atmosphere  changes  the 
spectrum  through  diffusion  and  absorption.  Since  every  photon  has  a  specific  energy 
associated  with  it,  the  spectral  fingerprint  plays  an  important  role  in  the  photovoltaic 
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Figure  44.  Solar  spectrum  based  on  ASTM  G173-03  data. 


process.  Figure  44  also  shows  that  the  sun  generates  an  abundanee  of  photons  with 
energies  ranging  from  S.lOeV  (400nm)  to  0.93eV  (1333nm)  and  since  silicon’s  band  gap 
energy  is  1.1  leV,  it  only  responds  to  radiation  with  wavelengths  below  1  lOOnm.  Thus, 
the  applieable  region  for  the  photovoltaic  effect  is  from  400  tol  lOOnm  (Figure  45). 


Figure  45.  Photovoltaic  response  spectrum  for  silicon. 
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Appendix  G.  Glossary 


Anode 

The  electrode  at  which  current  enters  an  electrical  device. 

Anti-reflection  coatings  (ARC) 

A  thin  layer  of  material  designed  to  increase  the  absorption  of  light  by 
using  destructive  interference  to  reduce  reflection. 

Atomic  layer  deposition  (ALD) 

A  thin-film  deposition  method  that  deposits  one  atomic  layer  at  a  time. 

Back  surface  fleld  (BSF) 

A  secondary  depleted  region  at  the  rear  of  a  solar  cell  created  by  a  heavy- 
doped  homojunction  that  prevents  recombination  by  redirecting  electrons 
toward  the  primary  depleted  region. 

Band  gap 

The  energy  difference  between  the  valence  and  conduction  band  of  an 
atom. 

Band  gap  energy 

The  amount  of  energy  required  for  an  electron  to  move  from  the  valence 
band  to  the  conduction  band. 

Blackbody 

An  ideal  physical  body  that  absorbs  all  incident  radiation. 

Bulk  micromachining 

A  MEMS  fabrication  process  that  consists  of  etching  into  a  substrate  to 
create  devices. 

Cathode 

The  electrode  at  which  current  leaves  an  electrical  device. 

Characteristic  (IV)  curve 

A  graph  showing  the  relationship  of  the  current  and  voltage  delivered  by  a 
solar  cell. 


Chemical  vapor  deposition  (CVD) 

A  chemical  deposition  process  typically  used  to  produce  high-purity 
materials  and  thin  films. 
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Coherent  (light) 

A  condition  where  two  waves  have  a  fixed  phase  difference  and  the  same 
frequency. 

Conduction  (thermal) 

The  transfer  of  thermal  energy  via  microscopic  diffusion  and  particle 
collisions. 

Conduction  band 

The  region  outside  the  orbit  of  an  atom  where  electrons  can  move  freely 
throughout  the  atomic  lattice  of  a  material. 

Conductor  electrons 

Electrons  which  are  located  in  the  conduction  band. 

Conductors 

A  material  that  allows  the  flow  of  electrical  current. 

Constructive  interference 

The  resulting  interaction  between  two  coherent  waves  which  produces  a 
single  amplitude  equal  to  the  sum  of  the  individual  waves. 

Convection 

The  transfer  of  thermal  energy  due  to  the  buoyancy  of  fluids  at  different 
temperatures. 

Current  crowding 

Non-uniform  current  distribution  in  a  conductor  usually  induced  by  sharp 
bends  or  turns  in  the  conduction  path. 

Current  matching 

A  design  consideration  that  seeks  to  avoid  the  reduction  in  overall  current 
resulting  from  dissimilar  current  sources  connected  in  series. 

Dark  current 

Residual  current  flowing  in  a  solar  cell  that  is  not  under  illumination. 
Deglazing 

The  process  of  removing  a  material’s  oxide  layer,  often  to  remove  surface 
defects  caused  during  diffusion. 

Depleted  region 

An  insulating  region  in  a  semiconductor  material  created  by  different 
doping  concentrations. 
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Destructive  interference 

The  interaction  between  two  coherent  waves  where  the  peak  of  one  wave 
meets  the  valley  of  the  other  resulting  in  cancellation. 

Detailed  balance  technique 

A  technique  used  to  calculate  the  maximum  efficiency  of  photovoltaic 
devices. 

Diffraction  pattern 

The  tendency  of  a  wave  emitted  from  a  source  or  opening  to  spread. 

Diffuse 

The  reflection  of  light  from  a  surface  in  many  angles  instead  of  only  one. 

Diffusion 

The  movement  of  a  molecule  from  a  region  of  high  concentration  into  a 
region  with  low  concentration. 

Doping 

The  process  of  replacing  atoms  in  a  semiconductor  lattice  with  different 
(dopant)  atoms. 

Double  drift  region  diode 

A  semiconductor  p-n  junction  with  heavy-doped  homojunction  depleted 
regions  on  both  sides. 

Efficiency 

The  ratio  of  power  delivered  by  a  solar  cell  to  the  power  of  the  incident 
irradiance. 

Electrical  losses 

A  reduction  in  the  amount  of  power  delivered  by  a  solar  cell  due  to  the 
behavior  of  electrons. 

Electromagnetic  radiation 

Radiant  energy  travelling  as  waves  in  which  the  electric  and  magnetic 
fields  vary  simultaneously. 

Electron-hole  pairs 

The  result  of  excess  electrons  combining  with  excess  holes  forming  the 
depleted  region. 

Enhanced  back-surface  field  (EBSF) 

A  heavy-doped  homojunction  at  the  rear  of  a  back  surface  field. 
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Evaporation 

Metal  deposition  via  the  condensation  of  vapor  particles  on  a  substrate. 


Extrinsically  doped 

An  artificially  doped  semiconductor  material  with  impurities  added  during 
wafer  formation. 


Fill  factor  (FF) 

The  ratio  of  a  solar  cell’s  ideal  power  to  its  actual  power. 


Fingers  and  bus 

A  typical  solar  cell  front  contact  grid  design  consisting  of  a  network  of 
thin  contacts  (fingers)  connected  by  a  common,  thicker  contact  (bus). 


Fourier  transform 

The  decomposition  of  a  signal  into  its  individual  frequencies. 


Fresnel  approximation  formula 

A  diffraction  approximation  formula  applied  to  the  propagation  of  waves 
in  the  near-field. 


Heter  0 j  unctions 

The  interface  between  two  different  semiconductor  materials. 


Homojunction 

The  interface  between  layers  of  similar  semiconductor  materials  which 
have  the  same  band  gap  but  different  doping  concentrations. 


Insulator 

A  material  with  a  high  band  gap  that  does  not  readily  conduct  electricity. 


Interference  pattern 

The  combined  result  of  the  interaction  between  two  coherent  waves. 


Irradiance 

A  measure  of  radiant  energy  per  unit  area. 


Junction  depth  (xj) 

The  depth  from  the  surface  at  which  the  impurity  concentration  reaches 
zero. 


Lithographie,  Galvanoformung,  Abformung  (LIGA) 

A  high-aspect-ratio  fabrication  process  consisting  of  lithography, 
electroplating,  and  molding. 
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Low  temperature  oxidation  (LTO) 

The  process  of  introducing  oxygen  into  a  furnace  at  low  relative 
temperatures  to  grow  an  oxide  on  the  surface  of  the  substrate. 

Maximum  power  point 

The  point  along  the  characteristic  curve  at  which  the  maximum  power  is 
delivered  by  a  solar  cell. 

Microelectromechanical  Systems  (MEMS) 

The  technology  and  fabrication  of  electro-mechanical  devices  that  contain 
features  as  small  as  1  pm  in  size. 


n-type 

A  semiconductor  material  with  excess  electrons. 

Negative  photoresist 

A  light-sensitive  material  that  becomes  less  soluble  when  exposed  to  UV 
radiation  through  the  formation  of  stronger  chemical  bonds. 

Ohmic  contact 

A  metal- semiconductor  interface  that  provides  an  electrical  junction  with  a 
linear  current- voltage  relationship  described  by  Ohm’s  Law. 

Optical  losses 

A  reduction  in  the  amount  of  power  delivered  by  a  solar  cell  due  to  the 
behavior  of  photons. 

p-n  junction 

The  interface  between  an  n-type  semiconductor  and  a  p-type 
sesmiconductor  which  forms  a  depleted  region. 


p-type 

A  semiconductor  material  with  excess  holes. 


Photocurrent 

The  electric  current  created  by  photoelectric  effect. 


Photodiodes 

A  diode  that  responds  to  light  by  changing  resistance  or  producing  an 
electric  potential. 


Photoelectric  effect 

The  interaction  of  light  with  a  material  typically  causing  it  to  emit 
electrons. 
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Photolithography 

A  microfabrication  process  that  uses  light  to  transfer  a  pattern  through  a 
photomask  onto  photoresist. 

Photoresist 

A  light  sensitive  material  used  in  photolithography. 

Photovoltaic  effect 

The  result  of  using  a  p-n  junction  to  prevent  the  recombination  of 
electrons  freed  during  the  photoelectric  effect. 

Physical  deposition 

Deposition  processes  that  use  the  physical  transfer  of  material  onto  a 
substrate. 

Positive  photoresist 

A  light-sensitive  material  that  becomes  more  soluble  when  exposed  to  UV 
radiation  through  the  reduction  of  chemical  bonds. 

Rapid  thermal  annealing 

The  quick  heating  and  cooling  of  a  metal-semiconductor  interface  to 
provide  a  good  ohmic  contact. 

Rayleigh-Sommerfeld  diffraction  formula 

A  diffraction  formula  used  to  mathematically  represent  the  wave-nature  of 
propagating  light. 

Recombination 

The  process  where  a  free  electron  combines  with  an  excess  hole  to  create 
an  electron-hole  pair. 

Reflection 

The  redirection  of  light  in  a  singular  path  from  a  smooth  surface. 

Refraction 

The  change  in  direction  of  light  as  it  passes  through  the  interface  between 
two  mediums. 

Refractive  index 

The  ratio  of  the  speed  of  light  to  its  velocity  through  a  given  medium. 


Resistivity 

A  measure  of  how  much  a  material  resists  the  flow  of  electric  current. 
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Schockley-Queisser  (S-Q)  limit 

A  theoretical  solar  cell  efficiency  limit  of  30%  based  on  the  detailed 
balance  method. 

Screen  printing 

A  technique  used  for  commercial  solar  cell  fabrication  using  a  metal  paste 
applied  through  a  screen  for  contact  formation. 

Semiconductor 

A  material  with  a  conductivity  between  metals  and  insulators  that  can 
conduct  electricity  through  the  inclusion  of  dopant  atoms. 

Specular 

A  smooth,  flat  mirror-like  surface. 

Sputtering 

A  metal  deposition  technique  using  a  ballistic  exchange  of  momentum  to 
bombard  a  substrate  with  source  atoms. 

Standard  test  conditions 

The  industry  standard  condition  for  testing  solar  cells;  IkW/m^  and  25°C. 

Surface  micromachining 

An  additive  MEMS  fabrication  process  via  depositing  and  etching  thin 
layers  on  a  substrate. 

Thermal  losses 

A  reduction  in  the  amount  of  power  delivered  by  a  solar  cell  due  to  an 
increase  in  its  temperature. 

Thermal  radiation 

The  heat  created  by  infrared  electromagnetic  radiation. 

Transmission 

The  propagation  of  electromagnetic  radiation  through  a  material. 

Valence  band 

The  highest  range  of  electron  energy  in  orbit  around  an  atom. 


Valence  electrons 

Electrons  that  are  in  the  outermost  shell  or  orbit  of  an  atom. 
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